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IRE CLAYS; SOME FUNDAMENTAL PROPERTIES AT 
SEVERAL TEMPERATURES ! 


By R. A. Heindl and W. L. Pendergast 


ABSTRACT 


This report gives the results obtained in the second phase of an extensive in- 
tigation of fire-clay refractories. It is limited to the 26 representative clays 
cluded in that investigation. The geologic formation, chemical analyses, and 
rometric cone equivalents are given, together with such properties of the clays 
red ad two widely different temperatures, as porosity, shrinkage, thermal ex- 
snsion, moduli of elasticity and rupture, and plastic flow. Data are given to 
how the conversion of aluminous fire clays into mullite and cristobalite by firing 
certain temperatures. At higher temperatures the cristobalite is converted 
glass. 
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I. INTRODUCTION 


A report ? was published during the past year giving the results of 
n extended study of fire-clay bricks, together with some preliminary 
est data of the fire clays used in their manufacture. In order that the 
resent paper may contain all information obtained on the clays 
cluded ‘n the present investigation, the data previously published 
ill appear in this report, together with the results obtained in recent 
tudies. The chemical analyses of the clays, pyrometric cone equiva- 
fit values and such physical properties as were determined after 
ing them at two widely different temperatures are given. 





‘This paper is the second of a series of reports which will be published on the general investigation of 
“clay refractories being conducted by this bureau. 

‘Trogress Report on Investigation of Fire-Clay Bricks and the Clays Used in Their Preparation, B. S. 
ur, Research, 8 (RP, 114); also J, Am, Ceram, Soc., 12 (10), Ppp. 640-675; 1929, 
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II. MATERIALS AND IDENTIFICATION 


Twenty-six clays were furnished for this study by 12 manufactuye 
of refractory products. These clays were classed as follows: 7 fi) 
4 semiflint, 12 plastic, and 3 miscellaneous. In addition, thy 
samples of quartz and sand were included. 

All clays supplied by any one manufacturer were given one lettg 
of the alphabet and also a number following this letter to identi 
the various clays furnished by each company. Furthermore, letia 
identification of the clays in each case correspond with that : assign 
to the respective fire-clay bricks, for example, clays A-1 and \4 
are the clays supplied by the manufacturer of fire-clay brick hayiy 
key letter “A” as given in the preceding report.® 

The approximate location of the mines where the clays are produc 
and the geologic formation as furnished by the companies cooperatiy 
in this study and supplemented in some cases by State geologisi 
are given briefly in Table 1. 


TABLE 1.—T'ype of clay, origin, and geologic formation 





—— | Type of clay |P.C. E. Origin Geologic age 
i | 





Pottsville, Pennsylvanian formation. 
Do. 


Semiflint_...| 32-33 » sylv ‘ Conglomerate vein, Pottsville, Pennsylya 
| formation. 


Do. 
| Middle Kittanning, Allegheny, Pennsylvaa 
formation. 


| Flint.....-.-| 33-3 Mercer vein, Pottsville, Pennsylvanian format 
Plastic......| 28-2 -----------| Below Kittanning coal, Allegheny, Pennsylvau: 
formation. 





Near base of Cherokee, Pennsylvanian format 


Do. 


New Jersey .----| Sedimentary formation, Raritan, cretaceous form 


tion. 


Raritan cretaceous formation. 
Do. 
Do. 
Do. 
GE ee 33 | Do. 
Plastic .....-. K c Do. 


Semiflint....| 32-33 | K 7 Pottsville, Pennsylvanian formation. 
Flint_- } 3 Seen 


poces & 0. 
Plastic ------} K Clarion clay, Allegheny, Pennsylvanian format 


| Flint_- | 34-35 | Ke *ky...----] Pottsville conglomerate, Pennsy]vanian form 
Plastic 32 | Do. 

| Flint. 34-35 | Pennsylvania--- Do. 
Plastic...... S23 I... Do. 


Crushed 
quartz. 


Pennsylvanian formation. 


Plastic.....-| 30-3 ‘aliforni Ione Eocene Sedimentaries, Ione formatio! 
Kaolin .--..-| 32-3: ...-------] Residual deposit, [one formation. 
Siliceous - - -- 3: ...--------| Sedimentary clay, Ione formation. 


| Plastic 30 | Ilinois..........| Beneath coal No. 1, Carbondale, Pennsylval 
| formation, and above St. Peter sandstone, “! 
vician series. 











’ See footnote 2, p. 213. 
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III. PREPARATION OF SPECIMENS 


Two series of 26 different bodies were prepared. Each body con- 
tained only one raw clay and an equal amount of the same clay cal- 
pene (grog). The grog in the one series of bodies was fired at 
approximately 1,155° C. for three hours (cone 4 down) and the other 
series contained grog fired at 1,400° C. (cone 14 down) for the same 
jength of time. Specimens of ‘the clay bodies for obtaining experi- 
mental data were also fired at 1,155° C. and 1,400° C. for three hours. 
Those fired at 1,155° C. contained the grog fired at 1,155° C. and 
those fired at 1,400° C. contained the grog fired at 1,400° C. The 
grog was added as a part of the clay body in each instance to reduce 
warping of the specimens during drying and firing. In order to insure 
uniform and comparable results, the clay i in each case was ground to 
pass a 100-mesh sieve, and the grog was crushed and graded into 
three sizes. The grog used in the bodies consisted of the following 
com ‘bination of sizes: 





Sieve No. (U. 8. 

standard series) 

Percent- 
age of 

each size | 





Retained 


ve 
Passed— eee 











| 
Ls 
IE: 


An examination of the crushed grogs indicated that, according to 
fracture and appearance, there are four general types. The char- 
acteristics of the individual particles in some cases are not clearly 
defined, but most of the grogs could be classified according to the 
following groups: 

(a) More or less regular in shape with comparatively sharp cleavage 
aces. 

(6) More or less regular in shape with a tendency to have a platy 
oS 

) Irregularly shaped without sharp fractures. 

Slightly rounded and somewhat soft. 

A photomicrograph of a sample of grog representing each of the 
foregoing groups is given in Figure 1. The effect of temperature of 
firing on the fracture or cleavage and general appearance of a grog 
(R-1) is illustrated in the photomicrograph given in Figure 2. 

Eight specimens, 1 by 1 by 12 inches, and six specimens, 1 by 1 by 
6 inches, were prepared from each of ‘the 52 bodies. The 12-inch 
specimens were used for modulus of elasticity and transverse strength 
determinations and the 6-inch specimens for obtaining such properties 

“tempering” or ‘‘conditioning”’ water, linear shrinkage, and dry 
st strength. Data referred to in this report relative to absorption of 
grog, chemical analyses, pyrometric cone equivalent values, and min- 
eralogical changes of clays fired at certain temperatures were obtained 
on the clays alone, and data on the other properties studied were 
obtained on the specimens containing equal parts of clay and grog. 
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IV. METHODS OF TESTING 
1, CHEMICAL ANALYSES 


In making the chemical analyses of the fire clays the procedure 
followed was, in general, the method of analysis for refractories 
described by Lundell and Hoffman.‘ 


2. SOFTENING POINT TEST (PYROMETRIC CONE EQUIVALENT) 


The softening point (P. C. E.) test was carried out according to the 
method approved by the bureau, and known as the A. S. T. \ 
standard method, serial designation C24—20.° 


3. THERMAL EXPANSION 


Linear thermal expansions of the fire clays were determined by g 
direct method * on specimens measuring approximately 1 by 1 by ¢ 
inches and which had been fired at 1,155° C. and at 1,400°C. Deter. 
minations were made from 20°” to 1,000° C. 


4. MODULUS OF ELASTICITY, TRANSVERSE STRENGTH, AND PLASTIC 
FLOW 


A detailed description of the apparatus used in observing deflections 
of the specimens under various loads, the determination of the trans. 
verse strength (modulus of rupture), and the method for determining 
the load-deflection curves were published in the Third Progress 
Report of the Sagger Investigation. The modulus of elasticity and 


modulus of rupture were determined at several temperatures, the 
former from the load-deflection curve and the latter using the load 
which broke the specimen. 

The plastic flow at 1,000° C. of the various fire-clay bodies was 
determined with the same apparatus as was used to determine the 
elasticity and breaking strength. The plastic flow of the material 
under any particular stress increment was considered as the ‘‘set” 
or difference between the deflection caused by the load and the recov- 
ery of the material on removal of this load. <A detailed description of 
the method for determining this property was given in the Fourth 
Progress Report of the Sagger Investigation.° 


5. SUPPLEMENTARY STUDIES 


Linear drying shrinkage and dry strength were determined on the 
6-inch specimens of the fire-clay bodies after drying for several days 
at, atmospheric temperature and finally at approximately 110° C. for 


24 hours and cooling in a desicator. Linear burned shrinkage was 
obtained from specimens fired at 1,155° and 1,400° C. These speci- 
mens were fired at the same time as those on which the other test 


data were determined. 


‘ Analysis of Bauxite and of Refractories of High Alumina Content, B. 8S. Jour. Research, 1 (RP5); July, 
1928. 

§ Described in Am. Soc. Testing Materials Standards for 1927, Pt. II, p. 151. 

6 For a description of the apparatus and method used, see J. Am. Ceram. Soc., 9 (9), pp. 555-574; 1926. 
7 Room temperature was approximately 20° C. during these experiments. 

§J. Am. Ceram. Soc., 10 (7), pp. 524-534; 1927. 

§J. Am, Ceram, Soc., 10 (12), pp, 995-1004; 1927, 
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| The water porosity was determined by treating the specimens in 
a vacuum for one hour at an absolute pressure of 6 mm of mercury. 
Distilled water was added while the specimens were still in vacuum 
and then boiled in vacuum for one and one-half hours. The speci- 
mens remained under water an additional 18 hours before being 
weighed. 


V. RESULTS 
1. CHEMICAL ANALYSES 


The chemical analyses of the materials investigated are given in 
Table 2. A study of the data shows a wide variation in composition 
Samples H-3, H-4, and P-1" (Table 2) are composed largely of 
silica. On the other hand, fire clays K-1, M-1, and Q-1 have a com- 
position which closely approaches that of kaolin containing very little 
free quartz, and are here referred to as “‘ aluminous.” 


TABLE 2.—Chemical analyses of fire clays 





bh > kav miti eal 
saboratory key ignition Total 


| | 
SiO: | AlOs | Fes0s | Tid: | CaO | MgO 
| 





| 
| 
{ 
| 
| 
| 


| Per cent | Per cent | Per cent | Per cent | Per cent | Per cent | Per cent Per cent 
0 43. 32 3. 26 2. 02 0.18 | 0. 40 99. 
44. 64 5. 34 eS . 26 . 52 99. & 
43. 38 37. . 39 oo i Ee pe 31 | 98. 4: 
43. 06 37. , . 84 | mp . 04 | 99. 6: 
58. 68 . 95 2. 3f . 70 | ‘ .70 96. 77 


42. 74 39. . 2. 33 | - 29 99. 32 
50. 38 30. 87 . 56 2. 27 3 . 30 97. 
51. 89 32. . . 63 | - 58 99.7 
45. 98 37. 1: . 8 . 90 | -12 - 29 100. 
47.09 . off . 89 - 44 - 06 | 100. 8 


70. 29 9. .8 2. 02 .22 0% 100. 3: 
3. 36 35. 42 . 87 1, 57 : . 46 100. 5 
. 52 . . 28 . 67 - 26 of 99. 3 

87. 68 7. 3: . 06 . 25 . 38 1 100.7 
2. 26 2.3 fk .72 : .02| 100. 





38. 20 21,4 : . 63 | «34 .12] 100.5 
51. 42 32.8 . 9 2. 33 | 5% 99. 6: 
R d . 53 - 66 15 | 99. 
.@3 | -23 | - 16 | 98. 

‘ 100. 26 


98. O§ 
100. 
97. 
99. 
99. 


99 
100. 
100. 5 

99. 























2. TEMPERING WATER AND ABSORPTION OF GROG 


The tempering water—that is, the percentage of water considered 
as desirable for securing proper molding consistency of the clay test 
specimens—is given in Table 3. This information is given for those 
specimens containing grog fired to cone 4 as well as for those con- 
taining grog fired to cone 14. 





‘Complete test data on materials H-3, H-4, and P-1 were not obtained because they are largely silica. 
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The percentage absorption of the grog fired at the two temperatura 
is also given in Table 3. The data on absorption show only two clay; 
(B-3 and C-2) overfired at cone 14. It may be that other clays ar 
overfired, but this is not indicated by their appearance, and since ny 
burns were made between cones 4 and 14, it is not known whethe 
any of the clays reached an absorption lower than that given in the 
table. The smallest change in absorption was shown by the grog 
prepared from the highly siliceous clays. 


TABLE 3.—Tempering water of fire clay bodies and absorption of grogs used 





Tempering water; 
specimens con- 
taining grog fired 

Laboratory key to— 


Absorption  (; 
unit weight); gr 
fired to- 





Cone 4 | Cone 14| Cone4 | Cone 1 








Per cent | Per cent | Per cent | 
17.3 | 16. 1 
18.1 | 16.0 


18. 1 19. 1 
18.9 17.4 
17.3 16.1 
21. 16.7 
16. 16. 
18. 
18. 
23. § 

















The absorption of the grog apparently has little effect on the amount 
of tempering water used in preparing the specimens. Clay B-2 may 
be cited as a typical ascend 25 The percentage absorption decreased 
approximately 15.5 between the cone 4 and cone 14 firing, but the 
difference in percentage tempering water was only 1.5. 


3. LINEAR SHRINKAGE AND TRANSVERSE STRENGTH 


The linear shrinkage and strength after drying and the total lines! 
shrinkage after firing of the specimens prepared with grog fired at the 
two different temperatures are given in Table 4. 





Vol. 
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TaBLE 4.—Dry and fired shrinkage, and strength of fire-clay bodies 





Linear drying Total fired Dry strength (cross 
shrinkage shrinkage breaking) 





Laboratory key Specimens containing grog fired to— 





} a, ay 
Cone 4 | Cone 14 | Cone 4 2 Lae 
| | 








Per cent | Per cent | Per cent | Per cent | Lbs./in.? | | ze. fin? 
3.7 4. 8.3 7.3 | 295 | 145 
3.4 4.6 ee 8.3 155 145 
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3. 
4. 
3. 6 
3. 4 
4. 4 
4. 5 
2. 3 
3. 6 
3. 


on 


> 


on 














| 


The majority of specimens containing grog fired at the higher 
temperature show greater dry strength in comparison to those con- 
taining grog fired to the lower temperature, but the average values 
do not show a significant difference. ‘The data on fired shrinkage do 
not indicate that any of the bodies are overfired at 1,400° C. The 
bodies made up of clays H-1, H-5, and H-6, however, show a nega- 
tive shrinkage (expansion) which is due to their high silica content and 
represents the conversion of the quartz to cristobalite. As in the 
case of the porosity determinations the data obtained on fired shrink- 
ae are quite misleading as an indication of whether the bodies are 
overfired because it is not known whether they reached their minimum 
sh inkage at some temperature before 1 400° C. In the case of body 
5-3, an examination shows it to be overfired, although the shrinkage 
measurements do not so indicate. 


4. POROSITY OF BODIES 


The porosities of the fired specimens were determined on sections 
cut from the ruptured 12-inch bars on which data were obtained for 
noduli of elasticity and rupture computations. The results obtained 
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on specimens fired at 1,155° C. are given in Table 5 and those fired x 
1,400° C. in Table 6. The porosity values given represent the ayer. 
age of not less than three determinations. 


TABLE 5.—Modulus of elasticity, transverse strength, and porosity of fire clays fired 
at 1,155° C. for three hours 


Tested at 20° C. Tested at 550° C. | Tested at 1,000° C. 








| 
| 


Laboratory key letter Modulus of— Modulus of— Modulus of— Porosity 





Elastic- 
ity 


1,000 1,000 1,000 

| Lbs./in.2 | lbs./in.2 | Lbs./in.2 | lbs./in.2 | Lbs./in.2 | lbs./in2 
: 7 5, 530 2, 745 5, 275 3, 925 1, 040 
3, 840 3, 785 2,110 | 595 


Elastic- 
ity 


| Rupture — Rupture Rupture 





3, 000 , 05S 4, 490 1, 950 505 
835 i 1, 270 375 205 
7, 625 , 55 7, 540 (4) 660 


1,515 1, 635 650 305 
7, 185 7 (*) 270 
3,945] 2, 41 2, 940 
3, 240 
2, 760 

925 
3, 200 
1, 610 

740 


2, 160 
850 
4, 300 


825 
2,770 


990 
5, 705 3, 665 





4, 390 1, 480 


5, 675 | 4,015 
4, 550 2, 390 
760 | 1, 100 











1,950} 3,515] 3,140 











1 Specimen did not rupture. 
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Tastp 6.—Modulus of elasticity, transverse strength, and porosity of fire clays fired 
at 1,400° C. for three hours 





Tested at 20°C. | Tested at 550° C. | Tested at 1,000° C. | 





5 of be, bien 8 
Laboratory key letter Modulus of. Modulus of. Modulus of. | Porosity 





Elastic- 


Elastic- 
ity | 


ity 


if | 1,000 | 1,000 | 
| Los. /in.2 Jin? | Lbs./in2 ji Lbs./in.2 | lbs./in.2 | Per cer t 
> 750 5, 800 2, 780 3, 18 3, 060 1, 930 | 24. 
2, 765 7 2, 745 7,415 3, 580 1, 425 | 9. 


Rupture 


Elastic- 
Rupture ity 


Rupture | 








2, 160 2, 200 2, 250 
635 ; 725 | 1,868 705 
2, 285 3, 240 | 2, 750 


1, 060 | 2, 325 , 745 1, 585 
2, 630 3, 000 | é 5, 150 





3, 625 2,985 | 7, 96 3, 590 
2, 240 3,190 | 7,015} 2,800 





1, 960 | 5 2,170 , 025 | 2, 295 2, 160 





670 795 | 1,020 , 730 ,575 | 1, 480 
2, 745 | | 2905] 7,23 3, 1: 1,740 
2, 200 | 2,080 | 3, 645 2,545 | 2, 285 

695 395 | 880 , 335 4: i, 240 





2, 205 3,835 | 2,735 290 | 2, 400 
1, 500 ’ 9. 1, 625 3, 46 985 
3, 145 3, Be 2, 945 9, 425 ro 790 905 


1, 155 | 655 1,030} 1,310 
2, 480 7,785 | 2,970} 1,070 

830 335 | 1,140} 790 
2,515| 6,3: 3, 080 | 890 





2, 355 , 87 3,170} 1,020 
3, 090 3,450| 1,375 
1, 815 7030} 21300 

575 5 670 











2, 490 





5. PYROMETRIC CONE EQUIVALENTS 


The P. C. E. values for all the materials included in this study are 
given in Table 1 and, with the exception of samples B-3 and C-: 
(Pennsylvania plastic fire clays), have a P. C. E. value of 30 or a lg e. 


6. LINEAR THERMAL EXPANSION 


The linear thermal expansions of the 26 fire-clay bodies were 
determined from atmospheric temperature to 1,000° C. Determina- 
tions were made on the clays after having been fired at 1 155° C. and 
ako at 1,400° C. Check expansion determinations were made of all 

specimens, and the greatest variation in the data obtained on the 
same body was less than +2.5 per cent. 

The average coefficients of linear expansion for several different 
‘thperature ranges are given in Table 7. These values are given to 
show how misleading it may be to accept the average coefficient of 
expansion from 20° to 1,000° C. as expressing the true thermal expan- 





222 


Bureau of Standards Journal of Research [Vay 


sicn behavior of the clay on heating, since it gives no indication of th; 
volume changes which may occur over short temperature range: 
For example, the coefficient of expansion from 20° to 1,000° C, {y 
clay B-2 gives no intimation that the material expands much mo 
rapidly between 100° aad 200° C. (fig. 4) than between 200° and 1,009 
C. The data given show the effect on the thermal expansion 
firing the clays at two widely different temperatures and also how ereat 
the differences in this property may be over certain temperatuy 
ranges, 


TaBLE 7.—Coefficient of linear thermal expansion of fire clays fired at two different 
temperatures 
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1 Values to be multiplied by 10-. 
2 These groups correspond to those referred to in section 6, ‘‘ Linear Thermal @xpansion.”’ 


The various clays may be classified into five groups, according t 
their thermal expansion characteristics as determined by the [re 
silica present either as quartz or in one or more of its allotropiq 
modifications. 

Group 1.—Five bodies (A-2, B-1, H-2, I-3, and R-1) after bein 
fired at 1,155° C., show a high rate of expansion below 200° C. and | 
somewhat less and more uniform rate between approximately 200 
and 1,000° C. The data indicate that any free silica present 
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probably either in the form of tridymite or cristobalite. The expan- 
jon data obtained on these clays after firing at the higher temperature 
howed that the rate of expansion was practically uniform throughout 
e entire temperature range, indicating that the cristobalite had been 
onverted to a highly siliceous glass. Body I-3, after the firing at 
{155° C., in addition to the expansion characteristics described, 
hows also an increased rate of expansion between 500° and 600° C. 
used by the inversion of the alpha to beta quartz. After firing at 
1400° C. this body shows a slight increase in the rate between 
approximately 750° and 850° C. Examples of the expansion char- 
acteristics of this group are given in Figure 3 and represent the data 
obtained on specimens of bodies H-2 and I-3. 
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Figure 3.—The expansion characteristics of fire clays classed in Group 1 


The curves show that the thermal expansion of these clays decreases by firing at the higher 
temperature 


Group 2.—Six clays (B-2, I-2, K-1, R-2, A-1, and C-1) in this 
croup are characteriged by a high rate of expansion below 200° C. 
occurring not only in*test specimens fired at 1,155° C., but also after 
laving been fired at 1,400° C. The first four clays show a higher 
expansion after the 1,400° C. firing when compared with that obtained 
n the specimens fired at 1,155° C. The increased total expansion 
iscaused by the increased rate of expansion below 200° C., as shown 
by the greater inflection of the curve below that temperature. 

The expansions of the other two clays, namely, A-1 and C-1, 

re practically unchanged by the firing at the higher temperature. 

ie expansion data indicate that any free silica present in these 
ined clays occurs as either tridymite or cristobalite. . The expansions 
ire illustrated by the curves, given in Figure 4, representing data 
obtained on clays B-2 and C-1. 

Group 3.—Four clays (B-3, C-2, K-2, and Q-1) after the firings 
it both 1,155° and 1,400° C. have a comparatively uniform rate 
if expansion from room temperature to 1,000° C., with the exception 
of a slight increase in the rate between approximately 750° and 
s00° C, of the clay svecimens fired at 1,400° C. The test pieces 
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Fiaure 4.—The expansion characteristics of fire clays classed in group 2 
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The curves for clay B-2 show that the expansion has increased after firing at the higher tem- 
perature 
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Ficure 5.—Thermgl expansion chacteristics of clays 


classed in group 3 are shown by the data obtained 
on clay C-2 
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red at the higher temperature show a considerably lower total expan- 
‘on compared with those fired at the lower temperature. The 
xpansion data obtained on clay C-2 illustrating this group are 
hown by the curves in Figure 5. 

Group 4.—Nine clays (D-1, E-1, G-1, H-1, H-5, H-6, I-1, T-1, 
nd R-3) after firing at 1,155° C. have a high rate of expansion 
below 200° C. and also between approximately 540° and 600° C. 
These curves show that quartz, cristobalite, and tridymite are prob- 
bly all present in the clay bodies. After firing at 1,400° C. the 

lection just below 600° C. present in the expansion curves obtained 
(ter firing the specimens at 1,155° C. has practically disappeared or is 
sreatly reduced. The total expansion, however, has increased in some 
ases due to the conversion of the quartz into cristobalite. Although 
R-3 may not strictly belong in this group because of the nature of 
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Figure 6.—The thermal expansion curves of clays H-5 and H-1 representa- 
tive of clays in Group 4 


The clays are of the highly siliceous type and as indicated by the curves are especially rich in 
cristobalite after firing at 1,400° C. 


its expansion after having been fired at 1,155° C., it is included 
because the expansion shown after firing at 1,400° C. is very similar 
to that of the other clays. The expansion data of clays H-1 and 
H-5, are shown by the curves in Figure 6. The continued high rate 
of expansion after firing at 1,400° C. is undoubtedly partially due to 
the high silica content and to the fact that the free quartz is present 
in comparatively coarse grains."! 

Group 5.—The two remaining bodies, M—-2 and M-1, have individual 
expansion characteristics and can not readily be classed in any of 
the foregoing groups. Body M-2 has a uniform rate of expansion 





‘Otto Bartsch calls attention to the effect of firing temperature and firing time on transformation of 
lartz of varying grain size in his paper Expansion Behavior of Some Quartz Containing Clays, Glastech. 
Der., 4 (2), Dp, 48-61; 1929, 
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from approximately 20° to 1,000° C. It is the only clay body ¢ 
all those tested which shows no change in the rate of expansion afte 
having been fired at 1,400° C. in comparison with that obtained afte 
the 1,155° C. firing. "The expansion curves for this body are show, 
in the left section of Figure 7. 

The expansion data “obtained on body M-1 fired at 1,155 ° 
indicate the rate to be uniform from 20° to 1,000° C. The be 
expansion of the material after having been fired at 1,400° C, ha 
increased decidedly over that obtained after having been fired 
1,155° C. This change in total expansion is caused entirely by the 
high rate occurring below 200° C. , due undoubtedly to the presenc: 
of either or both cristobalite and tridymite. The probable reactioy 
resulting in the formation of this cristobalite and tridymite is dis. 
cussed under section 7. Curves for body M-1 are given on the righ; 
in Figure 7. : 








0.7 


r 





14007 
yw 0 C. 


S 





S 
in 











eS 
> 





i=) 
; 
Ww 


- 
i 

@ 

U 

c 

@ 
a. 
£ 

c 
2 

2) 

c 

© 
a. 
x jo 
w 























| | 
600 10 600 1600 


Degrees a 























Figure 7.—The clays referred to in this figure have individual expan- 
sion characteristics and can not be readily classed in any of the groups 
illustrated 


Clay M-2 apparently has the same rate of expansion whether fired at 1,155° or 1,400° ¢ 
whereas clay M-1 shows a decided change in this property 


7. THE EFFECT OF TEMPERATURE OF FIRING ON THE MINERALOGI- 
CAL COMPOSITION OF FIRE CLAYS 


It has been known for some time that mullite and free silica develop 
during the firing of clays in certain temperature ranges and that 
fluxes bear an important relation to that development. As a result 
of the present study it is possible to show how the linear thermal 
expansion is directly affected by the formation of mullite and th 
development of free silic a accompanying it. ' 

Five clays, namely, B-2, C-1, I-2, K-1, and M-1, whose alumie- 
silica ratio closely : approac ches that of kaolin and which contain little, 
if any, free quartz, were found to be especially sensitive to heat 

treatment. Firing at certain temperatures caused marked changes 
in their mineralogical composition. This is indicated by linear 
thermal expansion measurements and to a lesser extent by petro- 
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yraphic ex amination. There are other clays included in this inves- 
iwation Whose Compositions are probably affected in the same man- 


her as the above five clays, but this particular phase of the study 


ivas limited to these five clays. 
The formation of mullite from clay may be expressed as follows 


3 (Al,0,.2Si0,) + heat = 3A1,03.2Si0, = 4Si0, 


pao expansion measurements were made after firing the clays 

vogressively increasing temperatures to show how the change in 
composition proceeds i in accordance with the above equation. Petro- 
gr aphic examinations '* were made of the raw clays and also after each 
firing treatment. . 

i) ‘xpansion measurements from 20° to 900° C. were made with 
ihe interferometer! on specimens of clays C-1, K—1, and M-—1 fired to 
cone 5 half down (1, me C.); cone 6 (1,180° C. ); cone 11 (approxi- 
mately 1,260° C.); cone 15 half down (1, 400° C ay and cone 19 (1,525° 
(.). Curves showing the data obtained on these three clays are given 
in Figure 8. Measurements were made on specimens of clays B-2 
fand 1-2 only after firing at three temperatures, and data regarding 
‘hem are not included. 

The expansion curves (fig. 8) obtained on each of the clays after 
Hiring at 1,120° C. show the rate of expansion to be uniform from 20° 
to 900° C. Expansion measurements made on the clays after firing 
at 1,52 25° C. also show the rate of expansion to be uniform, but slightly 
below : at obtained on specimens fired at the lower temperature in 
the case of C-1 and K-1, but decidedly lower in the case of M-1, as 

y be seen from the curves in Figure 8. The changes occurring in 

oth the mineralogical composition ‘and thermal expansion character- 

is stica of the materials when fired at temperatures between 1,120° and 

025° C. are quite decided, as indicated both by the results of the 

etrographic examination and by the expansion curves given in 
‘igure 8. A deseription of these changes follows: 

Cray C-1.—Fired at 1,120° C—Rate of expansion uniform from 
20° to 900° C. The petrographic examination shows the clay to be 
wi sly converted to an isotropic, probably amorphous material with 
‘mean index of refraction of 1.57. This serves as a matrix for minute 
articles which are birefringent and have a very different index from 
(ue amorphous material. 

Hired at 1,180° C.—The total expansion after firing at 1,180° C. 

s increased appreciably from 20° to 200° C. when compared. with 
that obtained after firing at 1,120° C. This change in expansion is 
caused by the partial formation of mullite from the clay with the 
liberation of silica in accordance with the above equation. The 
thunge in the rate of expansion below 200° C. indicates that the silica 

. ‘his set free (excess silica) is probably present as cristobalite. 

Fired at 1,260° C—The maximum total expansion both at 200° 
ind 900° C. was obtained after firing at 1,260° C. At 200° C. the 
total expansion has increased over 150 per cent and at 900° C. about 
) per cent when compared with that obtained at the same tem- 

atures on the specimen fired at 1,120°C. From the data obtained 





Petrographic examinations made by H. Insley. 
Des¢ ribed in B.S. Sci. Paper No, 485, 
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;t would appear that the formation of mullite from the clay is about 
.omplete. 

. Fired at 1,400° C.—A decided decrease in the expansion between 
99° and 200° C. has taken place. The curve obtained practically 
coincides with that obtained after firing the clay at 1,180° C. This 
indicates that the crystalline silica (cristobalite) has partially been 
converted to a highly siliceous glass. The petrographic examination 
shows only two substances present: (a) Minute needles of mullite 
with a maximum length of about 0.012 mm and a maximum width of 
about 0.002 mm. (6) A material which forms a matrix for the mul- 
lite and has a much lower index. 

The measured mean index of refraction of this fired clay was found 
to be 1.582 +0.003. By calculation the mean index should be 1.579 
if the grains were composed of mullite and cristobalite and 1.565 if 
the grains were composed of mullite and glass. 

Fired at 1,525° C—The rate of expansion of the clay is again uni- 
form throughout the entire range studied and the total expansion is 
appreciably lower than that obtained after firing at 1,120° C., which 
wis the lowest of any of the previous measurements. The petro- 
graphic examination shows this fired clay to be composed entirely 
of mullite and a glassy matrix material. The mullite needles are 
somewhat larger (about 0.004 mm in width) than those found after 
that firmg at 1,400° C. Mean index measurements on grains com- 
posed of mullite and the matrix material gave uncertain results. The 
glassy matrix material was too small in quantity to identify definitely; 
however, the thermal! expansion measurements would indicate that 
the cristobalite has been wholly converted to glass. 

Cray K-1.—Fired at 1,120° C—The petrographic examination 
showed an amorphous matrix in which are embedded minute par- 
ticles with a greatly different index and generally high birefringence. 
The mean index of the grains is about 1.57. The rate of expansion 
is uniform throughout the entire range measured. 

Fired at 1,180° C—The expansion curve coincides with that 
obtained after firing the clay at 1,120° C. This would indicate that 
the formation of mullite from the clay does not occur at as low a 
temperature as in the case of either clay C-1 or M-1, although there 
is very little difference in the P. C. E. value of the three clays. 

Fired at 1,260° C—The rate of expansion below 200° C. and the 
total expansion at both 200° and 900° C. has increased greatly in 
comparison with that obtained after firing at either 1,120° or 1,180°C. 
twould appear that the formation of mullite from the clay proceeds 
ata very rapid rate when once the proper temperature is reached. 

Fired at 1,400° C.—The total expansion both at 200° and 900° C. 
has reached its maximum after firing the clay at this temperature 
At 200° C. the total expansion is over 260 per cent greater and at 
100° C. over 60 per cent greater than that obtained at these tempera- 
tures on the specimens fired at 1,120° C. The petrographic examina- 
tion shows this fired clay to consist of mullite and a matrix material 
oo small in quantity to indentify. An occasional small grain of 
quartz was observed. The thermal expansion shows that the liber- 
oh silica (cristobalite) appeared in greatest quantity during this 

ming, 

Fired at 1,525° C.—The rate of expansion is again uniform through- 
out the entire range measured and the total expansion is lower than 
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that obtained on this clay after firing at any of the other temper, 
tures. The inflection in the curve caused by the expansion of th 
cristobalite has entirely disappeared. The petrographic examinatiy 
shows the fired clay to consist of small mullite crystals in a mat: 
material, the index of which it is impossible to determine. iy 
variations which may occur in the thermal expansion of fire elay; 
depending on the changes in mineralogical composition caused }y 
firmg at different temperatures, are shown to unusually good i. 
vantage by the data obtained on this clay. 

Cray M-1.—Fired at 1,120° C—The petrographic examinatio; 
shows that the material is composed largely of an isotropic mati 
which has a slightly fibrous texture. Minute inclusions, with » 
index of refraction very different from the matrix and showing hiy; 
birefringence, are present. The mean index of the grains is abow 
1.565. The fibrous texture may be an inheritance from the origin! 
platy structure of the clay. The rate of expansion is uniform fro; 
20° to 900° C. 

Fired at 1,180° and 1,260° C—The maximum expansion both 
200° and 900° C. was reached after firing at 1,180° C. and is identicy! 
with that obtained after firing the clay at 1,260° C. 

Fired at 1,400° C.—The inflection in the expansion curve at 200°C 
has entirely disappeared, which is in contrast with clays C-1! an 
K-1. The petrographic examination shows that the grains are con- 
posed only of mullite distributed uniformly throughout a matri 
material. Mean index of the grains is about 1.58. The formation 
of mullite from the clay apparently proceeds at a very rapid rat 
and the reaction referred to at the beginning of this section is 
apparently completed much sooner than in case of either clay (-! 
or K-1. 

Fired at 1,525° C.—The rate of expansion is uniform and the tots! 
expansion is lower than that obtained on the clay after the firings at 
any other temperature. The petrographic examination shows the 
grains to be composed only of mullite and a matrix material. The 
mullite needles are somewhat larger and better developed than in the 
preceding firing. It is impossible to determine the index of the mains 
material accurately, but it appears to be about 1.50. It would appear 
that the crystalline silica (cristobalite) has been converted to glass. 

The data obtained in this study show that these clays have 2 
comparatively straight line expansion when fired at 1,120° C. and air 
still essentially the same in microscopic appearance as the unfired 
clay. As the temperature of firing is increased, both the expansion ant 
mineralogical composition change and development of mullite is 
noted. The petrographic examination of the raw clays show 
little or no free quartz present. Therefore, the uncombined silica 
indicated by the high rate of expansion below 200° C. for specimens 
fired at certain temperatures above 1,120° C. (example, clay h-! 
1,260° C. fire) is believed to have been set free due to the formation 0! 
mullite from the clay matter. This excess silica probably forms 
according to expansion observations, as cristobalite with possibly 
some tridymite and gradually changes at increased temperatures to ! 
highly siliceous glass. The petrographic examination shows th 
mullite needles to be embedded in a glassy matrix which is not preset 
in sufficient quantity to be definitely identified. 
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The reaction involving the formation of mullite from clay is 
pspecially interesting, since it occurs within the range of temperature 

sed in the firing of fire- clay refractories. It is obvious that it may 
la varying stages of completion in the refractories placed in 
apg parts of the kiln. It follows, therefore, that the properties 

the refractories taken from different parts of a kiln setting must 
ec fete be different depending on the state of progress “of the 
eaction when arrested. 


8. MODULI OF ELASTICITY AND TRANSVERSE STRENGTH 


The stress (load) strain (deformation) curves, from which the 
noduli of elasticity were computed, were determined on specimens 
.pproximately 1 inch in cross section and 12 inches long. They were 
placed across a 10-inch span and loaded at the center. 

The transverse strengths (moduli of rupture) of the vaz rious fire 
lays were computed from the loads required to break the specimens 
mn which the load-deflection curves were determined. 

The two extreme types of rupture which occurred in the testing of 
hese clay specimens are shown in Figure 9. The upper spec imen (1) 
hows the break to be practically perpendicular to the base of the 

pecimen, and is associated with bodies which are open burning. 

The specimen (2) just below this shows a type of bre ak which has a 
endency to result in a partially curved surface. Such ruptures 
occur in dense or highly vitrified bodies 

Determinations of moduli of elasticity and rupture were made on 
specimens of the fire-clay bodies after having been fired at 1,155° C. 
and also at 1,400° C. Data were obtained at room temperature, 
550° and 1,000° C., and the results for the clays fired at the lower 
temperature are given in Table 5 and those fired at the higher tem- 
perature in Table 6. All values, with the exception of those deter- 
mined at 1,000° C., represent the average of not less than two deter- 
minations, either value making up this average varying less than 10 
per cent from that average. 

Comparing the results obtained at 20° C. on specimens fired at 
1155° C. (Table 5) with those fired at 1,400° C. (Table 6) the follow- 
ng information is obtained: 

“@) With four exceptions, B-3, C-2, R-2, and R-3, which show 
decreases, the bodies show greater transverse strengths after the 
irng at the higher temperature. Although several of the clays 
show little change, the majority show decided increases ranging to 
100 per cent. 

With two exceptions, B-3 and R-3, the moduli of elasticity of 
the bodies are greater after firing at 1,400° C. than after firing at 
1155° C, The increases range from a minimum of approximately 

) per cent to a maximum of 120 per cent. 

The results obtained in the tests at 550° C. and 1,000° C. are 
dlatively the same as those at 20°. 

"A comparison of the values obtained at 5 50° C. with those obtained 
ai 20° C. of specimens fired at either 1,155° or 1,400° C. shows, in 
reneral, that the percentage increase in moduli of elasticity and 
tupture is greater in highly siliceous bodies than in aluminous bodies. 
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9. PLASTIC FLOW 


Deflection readings resulting from the plastic flow measurad , 
1,000° C. of the 26 fire-clay bodies fired at 1,155° and 1,400° C. », 
given in Table 8, which is divided into two major parts. The |e! 
section presents data obtained on specimens of clay fired at 1,155°( 
and the right section those fired at 1,400° C. The first two colum; 
in each section represent the average of increments obtained eyer 
five minutes after the first five minutes for one hour when using; 
stress of approximately 60 lbs./in.? and a second test for a one-h,i 
hour period when using a stress of approximately 120 lbs./in? Thy 
load was applied midspan of the 1 by 1 by 12 inch specimens op; 
10-inch span. 


TABLE 8.—Plastic flow data measured at 1,000° C. on fire clays 








1,155° C. 





| Clays fired at— 
| 
| 
| 


Average deflection Average deflection | 
readings, taken at| ‘Total readings, taken at| Tut 
5-minute intervals, plastic 5-minute intervals, | | Piast 
Clay No. on 1 by 1 by 12 inch | geftection on 1 by 1 by 12 inch | deflect 
specimens using a@|takenfrom| specimens using a | With sir 
| 10-inch span plastic flow| 10-inch span i 
oe, I, ee eee ae eer 
with stress | (t 
| During 1 | During 4% | approxi- | During1 | During '4 
hour; stress! hour; stress} mately 360 | hour; stress, hour; stress at 
| approxi- | approxi- Ibs./in.2 | approxi- approxi- 
mately 60 mately 120 mately 60 | mately 120 
| “Ibs./in.2 | Ibs./in.2 Ibs./in.? | Ibs./in.? 


| 
} 











Inch C | Inch Inch 
0. 0001 : <0.0001 | <0. 0001 | 
. 0004 ‘ 8 <. 0001 <. 0001 


- 0004 . 006 - 0001 <. 0001 
- 0013 . 0 . 0001 - 0001 
- 0138 12 . 0005 - 0005 


. 0020 - 0156 <. 0001 - 0001 | 
. 0014 . 006: <. 0001 - 0001 | 


. 0004 . 0018 <. 0001 | . 0001 
. 0002 : 3 . | eee 
. 0002 | ‘ | <. 0001 | <. 0001 

. 0003 | é <. 0001 <. 0001 
. 0001 | . 0022 . 0001 . 0001 
. 0002 . 002 <. 0001 <. 0001 
. 0004 | . 005 . 0001 . 0001 


. 0003 | 0048 | 0001 | 0001 
5 . 0001 . 0001 
. 0004 | . 003 . 0002 . 0002 








0003 ; <. 0001 | 0001 
‘0006 | "007 "0001 ‘0004 


; ‘ <. 0001 <. 0001 
. 0004 . 00E <. 0001 | <. 0001 


. 0008 : i <. 0001 | . 0001 
. 0003 . 00 . 0001 | . 0001 
. 0002 | . 008 <. 0001 | . 0001 
. 0002 | <. 0001 | . 0001 


. 0002 ° <. 0001 . 0001 
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Fundamental Properties of Fire Clays 


| The data obtained with these loads applied to clays B-3 and M-1, 
| hich represent two clays of widely different plastic-flow properties, 
Inve shown in Figure 10. These curves illustrate the effect of tem- 
Serature of firing on the plastic flow as well as the relative amounts 
which take place after the first 5-minute interval. A large part 
‘of the deflection taking place during the first-time interval represents 
. elastic properties of the clay. In the case of clay M-1, fired at 
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Time in Minutes 
FicurE 10.—Time-deflection curves obtained at 1,000° 
C. on clays B-3 and M-1 


Constant loads of approximately 60 and 120 Ibs./in.? were applied for 
periods of one hour and one-half hour, respectively. As indicated by 
the curve the final reading was taken after the removal of the load 


1,400° C., there is very little plastic flow after the initial time incre- 
ent. This is in contrast with clay B-3, which shows continued 
| iow to the final reading. 

The values given in the third column of each section of Table 8 
represent the total plastic deflection in inches of the various clays 
inder a stress of approximately 360 lbs./in.?. The values were taken 
‘om the plastic-flow curves described as follows in the Progress 
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Report on Inv estigation of Fire-Clay Bricks and the Clays Used ; 
Their Preparation: 

Typical load-deflection curves as obtained at 1,000° C. on aspecimen eut fr, 
fire-clay brick are shown in Figure 13. The upper curve shows the plastic 4), 
of the material under these same loads and the middle curve the elastic pro} erties 
The elastic recovery of the material was considered as the difference btw €! 
the tot: al deflection caused by the load and the “set” (‘‘representing plast 
flow’’) of the material on removal of this load. * * * 


The results of this study may be summarized as follows: 


The plastic flow of these clays fired at either 1,155° or 1,400°( 


when loads of 60 tbs./in.2 and 120 Ibs./in.? are applied i IS very smal 
2. The values of plastic deflection « ure dec idedly different for | 


various clays when loads greater than those referred to under 


are used. This is indicated by the results given in Table 8 when, 
load of 360 !bs./in.? is used, and is especially apparent in the clay 
.s at 1, 155° ©. 

The plastic deflections of the clays fired at 1,400° C. are decided) 
ae aoa those of the same clays fired at 1 “86° C. 

4. The highly siliceous clays * show the least plastic deflection afte 
firing either at 1,155° or 1,400° C. Next in order are the siliceo 
clays, which are followed by aluminous. 

5. The plastie deflection of the clays after firing at 1,400° C 
not greatly different. It would appear that the development of th 
crystal phase in the aluminous clays is decidedly advantageous in 
decreasing their plastic flow. 

Figure 11 shows an untested specimen (3) in contrast with one 
that has been tested. Specimen 4, which is prepared from clay 
B-3, defiected beyond the capacity of the testing apparatus without 
rupturing and represents an extreme case. 

10. GROUPING OF CLAYS 

With the exception of three samples of silica or quartz (H-: 
H-4, and P-1), all are plotted according to chemical analyses on the 
small section of a triaxial diagram shown in Figure 12. The values 
given for silica, alumina, and flux are computed to a water-free basi 
Since all of the compositions fall in a small section of the diagran 
it was considered desirable to show only that section on an enlarged 
scale. The lower left apex of the section represents 55 per cent alt: 
mina, the apex at the right 35 per cent flux, and that at the 
80 per cent silica. The position in the diagram indicated by th 
cross within the circle represents the composition of a washed Nort! 

Carolina kaolin, and is given simply to show how the various clays 
compare in composition to typical kaolin. 

The clays have been divided into three groups, as indicated by thi 
dashed lines. The maximum percentage of mullite, which may 
theoretically be obtained from a clay of given composition fired under 
favorable conditions for such development, was computed from th 

chemical analysis (water-free basis). These values are only approx- 
mate since, according to the nature of the system, some of the alumine 
must necessarily have gone into solution with 6 elas which is present 
The line YY’ was so placed as to include those clays (Group A) having 
less than 40 per cent ‘“‘free silica” after the formation of mullite 
The area between lines YY’ and ZZ’ includes those (Group B) whic! 





4 B.S. Jour. Research, 3 (RP114). 1 J. Am. Ceram. Soc., 12 (10), pp. 640-675; 1929. 
8 Arbitrarily considered as (hose containing more than 60 per cent silica (water-free basis). 
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’ 


eoretics ally contain between 40 and 50 per cent ‘‘free silica” and 


falling above line ZZ’ (Group C) contain over 50 per cent. 


Ised jy 


soon 1 

mportant properties of the three groups are indicated by the values 
utr ufiven in the following table: 
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Figure 12.—A section of a triaxial diagram (lhe shaded portion enlarged of 
the small triangle on the right) showing the location of clays according to 
to chemical analysis 
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A kaolin is included for comparative purposes only. 


These values show the percentage increase in properties for specimens fired at 1,400° C. 
as compared with those fired at 1,155° C. and are given as average percentages for 
each group 

| Modulus of| Mo dulus of Modu lus of 

| Porosity rupture! | elasticity | elastici ity 

at 20°C. | at 20°C . | at 1,000° 

| 








p A (less than 40 per cent ? free SiO) __- —10,8 30.8 | 
rou ) B (between 40 and 50 per cent free SiO2)---- —30. 6 | 50.9 


—8.8 28. 0 


] 
Clays 123.3 
180. 7 
120.3 


44. 

| poe | 

" ti <5 : wag | 
mi y ‘ Determinations for this purpose made on a 4-inch span because of greater number available. 

nD de r fers to * ‘free silica’? which could theoretically be present after the formation of mullite 

wale a B-3 not considered in group average because of its low P. C. E. value. 

) th 

rox These averages indicate that the clays classed in groups A and C 

mine MEe’8ve properties which are probably more desirable in clays for the 

sent. Manufacture of refractories than those classed in group B. The 
ving gm Petcentage change in porosity would indicate that the firing range of 

llite. acs in group B is shorter than that of the clays included i in the other 
ich Meeoups. The percentage change in values for moduli of elasticity, 

both at 20° and 1,000° C., and moduli of rupture show that the per- 


centage of glass in the clays of group B is probably greater or formed 
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more rapidly at the higher temperature of firing than in groups 

and C. However, the average total linear thermal expansion (T's) 
7) at 1,000° C. of clays in group C is almost 30 per cent greater thy 
that of either of the other two groups. The high expansion of ;, 
clays in this group (see expansion curve for clay H-1, fig. 6) is cays, 
by the high percentage of quartz or silica they contain. In gener 
therefore, the clays in group A have properties which are most des}; 
able in refractory products. 


VI. SUMMARY 


Twenty-six fire clays and three samples of quartz and silica say 
were furnished for this study by manufacturers of fire-clay refractories 
Information obtained on these clays included: 

1. Chemical analyses. 

Tempering water and absorption of grog. 

3. Linear shrinkage and unfired strength. 

4. Porosity of fired clays. 

5. Pyrometric cone equivalents. 

6. Linear thermal expansion. 

7. The effect of temperature of firing on the mineralogical con: pos 
tion of fire clays. 

8. Moduli of elasticity and transverse strength of the fired c‘ays 

9. Plastic flow. 

The chemical analyses of the clays show them to range from |! 
aluminous type to the highly siliceous. The results of such determin 
tions as absorption, porosity, shrinkage, and pyrometric cone equiv: 
lent values are given in a series of tables. The approximate locati 
of the mines from which the clays: were obtained, as well as a bn 
description of their geologic formation are included. The therma 
expansions from 20° to 1,000° C. of the fire clays fired at 1,155° an 
1,400° C. are given, and the clays are grouped according to the severs 
types of expansion. The moduli of elasticity and transverse breakin 
strengths have been determined after receiving two different he: 
treatments, and at several different temperatures. 

These data show that the thermal expansions of the fire clays deter 
mined after firing at 1,400° C. may be greater or less than after firn 
them at 1,155 ° C., depending entirely on the composition of the clays 
The information given also indicates the successive simultaneou 
development of cristobalite and mullite, and finally the probabl 
conversion of the cristobalite to a highly siliceous glass. 

The moduli of elasticity and rupture of the clays are, with few excep 
tions, greater after firing at 1,400° C. than after firing at 1,155° C. 

Comparing the values for moduli of rupture and elasticity obtainet 
at 550° C. with those obtained at atmospheric temperature show, | 
general, that the percentage increase in moduli of elasticity and ruptur 
is greater in highly siliceous clays than in aluminous clays. [ht 
plastic deflections of the clays, measured at 1,000° C. are much low 
for those fired at 1,400° C. than those fired at 1,155° C., and are als 
lower in the siliceous type of clays than in the aluminous. 

The clays are plotted according to chemical composition 00 ! 
triaxial diagram and are divided into three groups. Those clays whit 
on firing would theoretically contain the greatest percentage of mullité 
are grouped about a kaolin and have properties which should be vel! 
desirable in fire-clay products. 


WasHINGTON, February 25, 1930. 
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PRECISE AND RAPID METHOD OF MEASURING FRE- 
QUENCIES FROM 5 TO 200 CYCLES PER SECOND 


By N. P. Case 


ABSTRACT 


After a brief discussion of some of the common methods of measuring fre- 
encies from 0 to 200 cycles, a method is described which offers important 
dvantages, combining a high degree of accuracy with ease and rapidity of use. 
he method depends on the fact that if a condenser be discharged through a resist- 
nce n times per second (the condenser being charged to the same initial voltage 
, time), then the average voltage drop across the discharging resistance is 
rectly proportional to n. The unknown frequency is made to control the 
umber of times per second the condenser is discharged, and thus the voltage 
pop mentioned above is proportional to the unknown frequency. A circuit 
rangement is described whereby this voltage drop is balanced through a sensi- 
ve galvanometer and high resistance, against a known fraction of the total volt- 
ve drop along a slide-wire resistance shunted around a storage cell. By first 
wlibrating the system with an alternating current of known frequency, it is 
ible to read unknown frequencies directly off the slide wire. 
D A discussion of the sources of error and experimental determinations of the 
minogamror actually observed, lead to the conclusion that, in the range from 5 to 200 
ycles per second, the accuracy is always better than oneetenth cycle, 


juive 
Pati 
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INTRODUCTION 


During the course of the work carried on by the Bureau of Stand- 
ds in the development of secondary standards of frequency, it is 
hecessary to make daily measurements of the beat frequencies be- 
ween various piezo oscillators used as secondary standards. As some 
{these secondary standard piezo oscillators do not vary in frequency 
10m day to day by more than a few tenths of a cycle per second, the 
method of measuring the beat frequencies should be accurate to 
etter than a tenth of a cycle per second. The frequency range of 
te beat notes to be measured is usually from 0 to about 100 cycles 
et second. 

One method of measurement used is to record the beat frequency 
photographically on an oscillograph, at the same time impressing 
eoond signals on the record from a standard clock. As the con- 
laney of the piezo oscillators improved, however, it became apparent 
hat this method required too much time to be pr ‘acticable. In order 
0obtain an accurate record by this means, it is necessary to let each 
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exposure run for about 20 seconds. This gives a record which is yen 

arduous to count, and the number of measurements to be made j 
such that the complete process of intercomparing all the piezo osciljy 
tors and reducing the results occupies too much time. 


II. EARLY WORK 


Consideration was given to the possibility of using a direct-readiy 
frequency bridge, special consideration being given to the modifi 
form of Hay’s bridge, as described by Soucy and Bayly.! This 
arrangement was not found to be entirely suitable for the PUrpos 
however, for two reasons: (1) In order to secure adequate sensitiv; 
in the region of very low freque neies used, it would be nec essary i 
use an unreasonably r large an r-core induc ‘tance, and (2) as an aur 
balance would not be sufficiently accurate, because of the low sens. 
tivity of the ear at these frequencies, it would be necessar V to use4 
tuned vibration galvanometer, which is not considered practicable ip 
view of the wide range over which it would have to be futed. 

The arrangement presented in this paper is an outgrowth of, 
system originally described by Maxwell * for rough measurements ¢/ 

capacity. Figure 1 is a circuit dis 

A eram of the arrangement as altered 

by Fleming and Clinton? The 

q alternating current, the frequency 
of which is to be determined, is fed 
into a polarized relay at A. (h 


In 























Figure 1.—Circuit arra 


flection discharge of a 


through a milliammeter 


ngement for 
measuring frequency by means of de- 
condenser 


D one-half of each cycle the contacto 


is drawn to contact 1, charging the 
condenser 
battery. On 


to the voltage of the 


the other half « 
pach cycle, the contactor moves to 
contact 2, discharging the con- 
denser through the mulliammeter. 
Obviously, as long as the time 


constants of the circuits are kept 
low enough so that charge and discharge are complete within the 
limits of error of the measurement, the quantity of electricity which 
passes through the milliammeiter in a given time interval depends 
solely on the number of times the condenser is discharged in that ir- 
terval, and, hence, on the frequency of the alternating current applied 
to the polarized relay. Therefore, the reading of the milliammete: 
is directly propor tional to ‘t] 1e frequency. In practice, of course, the 
instrument has to be calibrated by applying a known frequency, say, 
100 cycles per second, to the polarized relay, and then adjusting the 
battery voltage and the capacity r until the meter reads 100. Then 
if some other frequency is applied to the relay, the milliammeter read- 
ing will give the frequency direct tly. The accur acy, however, is only 
of the order of 1 per cent of the full-scale reading of the millian- 
meter, which, while sufficient for many laboratory purposes, was not 
great enough for the measurements required . 


1 Soucy and a vly, A Direct Reading Frequency Bridge for the Audio Range, Based on Hay’s Bridg 
Circuit, Proc. I. R. E. , 17, p. 834; May, 1929. 

2 Maxwell, Hi, tric ity and Magnetism, sec. 775, vol. LI. 

$ Fleming and Clinton, On the Measure ment of Smal] Capacities and Inductances, Proc. Phys. 
London, 18, p, 386, See also F, A, L aws , Electrical Measurements, p, 373; 1917, 
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Method of Measuring Frequencies 


III. FINAL DESIGN 


It was recognized that the sensitivity of the above arrangement 
| be made amply sufficient by converting it to a null method and 
¢ a sentitive galvanometer. It was desirable also to have the 
re dings direc tly in frequency. The circuit arrangement finally used 
‘. shown in Figure 2. The voltage divider S is a slide-wire, with a 
thousand divisions on the scale, and accurate to the nearest quarter 
division at any point on the scale. The voltage is measured across 
the resistance #, through which the condenser C’ disch: arges. The 
resistance 7 1S inserted to serve a double purpose; to keep the gal- 
vanometer from being greatly overdamped, since R and S are both of 
low resistance; and, more important, to limit the current that is 
drawn from the slide-wire. At first sight this appears to be an 
cee condition, since the adjustment is made to give zero read- 
ing on the galvanometer, but it must be remembered that a continu- 
ous voltage is being balanced against the average value of a pulsating 
Javan This pulsating voltage i is relatively very high during a very 
t part of the pulsation period, and is practic ‘ally zero for most of 
the “ riod. Therefore, there is only one instant during each pulsa- 
tion when the galv anometer current is actually zero. 


A 
] 
AN 
1S 
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{| |: 





ry 

















2.—Schematic diagram of circuit arrangement used for measuring low 
frequencies 


The galvanometer current is limited to a small value, since the 
resistance 7 (fig. 2) must be large for the settings of S, to be correct. 
in order that a small variation in S; may give an appreciable deflec- 
ion, a high-sensitivity galvanometer must be used. As the accuracy 
of calibration of the slidewire is about 215 parts in 10,000, the resist- 
ance 7 should be of such a value that the resistance of S is not greater 
han 0.00025 of r. As S is 7% ohms, it follows that 7 should be at 

t 30,000 ohms. A resistance of 50,000 ohms was used, as that size 
parte to be available, and the galvanometer was of ample sensi- 
tivity. A damping shunt was affixed to the galvanometer and ad- 
justed so that the instrument was not quite criticallyrdamped. 

The resistance R is low enough in comparison with 7 so that the 
varis tions in.the voltage of the point E, as the slider is moved from 
one end of S to the other (the relay being open circuited), are negligible 
compared to the voltage of the battery D. If this condition is not 
fulfilled, the condenser will discharge to varying voltages, depending 
a the setting of S, and the reading of the latter will not be linear with 
the freque mney of the disc aon A resistance of about 100 ohms was 
used for R, and a capac ity of about 2 uf for C. Both are adjustable 
in smail steps, although it would be sufficient if either one were so 
adjustable, in order to get a balance for the initial setting. The 
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resistance W is inserted to limit the initial charging current, and is po; 
critical in value. 
Values of circuit constants as used by the Bureau of Standards ay. 
as follows: 
D=90 volts r= 50,000 ohms. 
W=100 ohms. S=7.5 ohms. 
C=2.111 pf. B=2 volts. 
R=100 ohms. 
The galvanometer has a sensitivity of about 10,000 megohms, and 4 
resistance of about 600 ohms. 


IV. THEORY 


If the circuit conditions noted above, namely, R and S small con. 
pared to 7, are complied with, the approximate theory becomes very 
simple. Referring to Figure 2 the moving contact of the relay F's 
closed in position J and 2, respectively, for sufficient time so that con- 
plete charge and discharge of condenser C is obtained. The charge ; 
on Cis ni 

q=Ce (1 
where e¢ is the voltage of battery D. 

When C discharges, the current takes two paths, one through Pf 
and the other through the galvanometer G. If r is so large that all 
the other resistances in the galvanometer circuit can be neglected, 
then the portion of the charge g, which flows through the galvan- 
ometer is 


R R 


(2 


Ge“ OR RSs 


If there are f discharges per second, then the quantity per second is 


R 


rT? 


Is =fCe R 


The steady current through the galvanometer from the battery 3, 
assuming r large with respect to S, is 
S, E 
y™u=oc Di. (4 
S R oe a 
where E is the voltage of the battery B. The adjustment is made 
such that the effect of the current 7, on the galvanometer is equal and 
opposite to the integrated effect of the pulsating current fq,. There- 
fore, equating equations (3) and (4) 
{Ce RS, EF 
R+r S Rt+r 
f S, E 
~ S eCR 


However, it is possible that the galvanometer may not integrate 
the pulses of current from the condenser properly, and, hence, may 
not read zero, even though equation (5) is satisfied. This condition 
is brought about by either of two causes: (1) The magnetic field at the 
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balvanometer coil may not be constant, and (2) the coil itself may con- 
ain magnetic impurities.‘ 
An experimental method used by Curtis and Moon to determine 
irhether or not a given galvanometer integrates correctly is illustrated 
Hy the circuit of Figure 3. Care should be used with this arrangement 
;, order to avoid damaging the galvanometer, especially if it is one of 
igh sensitivity. The voltage of the battery should be small, the 
capacity of the condenser likewise small, and the resistances should be 
igh enough to limit the initial currents on charge and discharge to 
safe values. If the galvanometer reads zero in the arrangement of 
Figure 3, it may be safely assumed that it will integrate correctly in 
he frequency measuring network. 


V. METHOD OF OPERATION 


A tube-driven elinvar tuning fork was available for calibrating the 
slide-wire. The fork frequency was 99.98 cycles per second, remaining 
constant at all times to within 1 part in 10,000. 

The method of operation is extremely simple. The tuning fork 
output is applied at A (fig. 2) and the slider on S set so that the scale 
reading is 999, (the last figure being 
beyond the calibration, must be esti- [ : i 
mated). Then the capacity of the 7 
condenser, the resistance #, or both, d | 
are varied until the galvanometer s 
reads zero. If, now, the alternating eo S 
current, the frequency of which is to 
be measured, is pons at A, the . © | 
sider of S is moved until the gal- _ ona 
vanometer again reads zero, all the pee 3.— Circuit arrangement used 

Sohal: Saat determine suitability of galvanom- 
other circuit constants remaining ge, 
invariant. The frequency desired 
can then be read directly from the scale of the slide-wire. For in- 
stance, if the setting is 7249, the frequency is 72.4, cycles per second. 

If measurements of high precision are desired, it is advisable to 
redetermine the setting for the standard frequency before each series 
of measurements. This is necessary because of changes in battery 
voltages, and the changes in resistance and capacity of the circuit 
elements due to temperature changes. The battery circuits should be 
closed for a sufficient length of time before measurements are made 
so that the batteries and resistances can come to a condition of 
equilibrium. 

For frequencies below five cycles per second the individual impulses 
to the galvanometer become objectionable and the balance point can 
hot be accurately located. However, such low frequencies can be 
determined sendy by merely counting the swings of the needle of the 
iniliammeter (which is in the plate circuit of the last tube of the beat 
hote amplifier) over a short period of time. A stop watch can be 
conveniently used. 

In order to extend the range to higher frequencies it is only necessary 
to set the point for calibration at some lower point of the slide-wire 
and multiply the scale accordingly. For example, under the condi- 

















‘For 4 full discussion of this effect, see Curtis and Moon, Absolute Measurement of Capacitance by 
Maxwell’s Method, B, S, Sci. Paper No, 564, p. 507, ff 
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tions given above, if instead of using 99.98 for the first setting, 49 ) 
is used, then 99.98 will represent 200 cycles per second. The limis 
tion is, of course, in the frequency to ‘which the relay will respo; 
The limitation of the relay used is about 200 cycles per second, — 


VI. ACCURACY OBTAINABLE 


Although the slide-wire is only claimed to be accurate to a qua te 
of a division, corresponding to 0.025 cycle per second, settings 0; 
given frequency will usually repeat to 0.01 cycle per second. 

The linearity of the scale has been verified in two distinct ways 
(1) A constant- speed alternator with 100-cycle and 10-cycle rotors oy 
the same shaft, assuring that the one frequency is exac tiy one-tent 
of the other, was available. The slide was balanced at 100 cycles pe 
second, and then the 10- cycle frequency was measured in the reguly 
manner, the scale reading obtained was 10.02+0.005 (estimate) 
cycles per second. ‘This error is less than the error of calibration ¢' 
the slide-wire. (2) Numerous checks were also made at various 0/ 
frequencies, reading the frequency on the slide, and recording it 
the oscillogr aph at “the same time. These checks consistently ; 
within 0.03 cycle per second. Hence the maximum error Sys 
within 0.1 cycle per second. No checks were made above 100 eyel 
since all measurements desired were below this value. 


WasHiInGTon, March 8, 1930. 





COEFFICIENT OF FRICTION OF FABRICS 
By Alfred A. Mercier ' 


ABSTRACT 


This paper describes a simple method for specifying the slipperiness of fabrics, 
measurement of the coefficient of friction between two pieces of the same 
aterial. A block covered with a sample of the fabric to be tested is placed on 
inclined plane which is covered with another piece of the same fabric. The 
gle between the inclined plane and the horizontal is then increased to a value at 
ich the block just begins to slide. Owing to a rearrangement of the fibers in 
e surfaces of the fabric this minimum angle decreases with successive slides. 
number of slides are, therefore, made until a constant limiting angle is found. 
he tangent of this limiting angle is defined as the coefficient of friction for the 
ric. Some applications of this measurement are mentioned, and illustrative 
ults are given, 


CONTENTS 


I. Introduction 

. Coefficient of friction. - 

. Apparatus 

’, Test procedure : 
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I. INTRODUCTION 


The utility of fabrics for certain purposes depends to a large degree 

their surface characteristics. For example, slipperiness is undesir- . 
ble in the backing of rugs but is required of linings used in coat sleeves, 
oes, and jewelry cases, and is a prominent feature of sleeping gar- 
ents. The ‘‘creeping” of garments over one another, particularly 
1e creeping of some underwear, is an objectionable feature which 1s 
lated to the slipperiness or smoothness of the surface. 

The surface characteristics vary with (a) the material (cotton, wool, 
lk, or rayon), (b) the construction of the yarn (hard or soft), (c) the 
eave (square, twill, or fancy), and (d) the finish. A smooth surface 
more shppery than a napped surface. The creeping of a garment is 
oticeable when the fabric of which it is made is nearly of the same 
aight, but of different surface texture from the fabric with which it 
in contact. The lighter of the two fabrics will creep up on the 
eavier one unless the former has a more slippery surface. Wool gar- 
ents do not tend to creep because their weight is usually greater than 
he weight of the adjacent undergarment. 
|The present paper describes a simple method for specifying the 
Upperiness or smoothness of a fabric in terms of the coefficient of 
atic friction between two pieces of the same material. The work 
as done in connection with the fine fabric investigations of the 
otton-Textile Institute and the Bureau of Standards. 





Research associate of the Cotton-Textile Institute (Inc.) at the Bureau of Standards. 
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II. COEFFICIENT OF FRICTION 


When a rectangular block is placed on an inclined plane, 
Figure 1, its tendency to slip under the pull of gravity is opposed; 
the friction between its lower surface and the surface of the p 
The weight of the block (W) exerts a force (N) normal to the inclip: 
plane and a force (F) parallel to this plane. The frictional {i 
(F’) resists the slipping tendency due to (F). If the angle betwe 
the inclined and horizontal planes is increased (F) becomes greater y, 
(N) smaller, Until (/) exceeds a certain value the block will not siijj 
When the value, 
the angle (a) is 
that the force (J 
equals the frictioy, 
force (F’) slippi 
isimpending and) 
ratio of the limitiy 
frictional force |} 
to the normal fo 
(N’) is called i 
coefficient of stat 
friction between ti 
5 block and the plan 

- From the geomety 
Figure 1.—Diagram of forces on inclined plane of the figure th 
ratio can be show 





to be the tangent of the angle (a). Thus 


F’=W’ sina 
N’=W’ cos a 


; a F’ W’sina 
coefficient of friction= f= N’~W7 cos a 182 @ 


and 


The result obtained when the block and the inclined plane are bo! 
covered with the same fabric is the coefficient of friction for th 
fabric on itself. 

The coefficient of friction is independent of the area of the su 
faces in contact, and is also independent of the weight of the block 
providing the pressure of one surface on the other does not modi 
the original surface characteristics of the fabric. The coeflicient 
friction depends on the smoothness of the surfaces in contact and « 
the presence of a lubricant, such as oil or other finishing materia 
between the surfaces. 


III. APPARATUS 


A photograph of the apparatus is shown in Figure 2. Two boar 
each 22 inches long and 6 inches wide, are hinged together at one eut 
One of the boards rests on three small supports which can be adjust? 
to bring the board to a horizontal position. The angle between tt 
boards can be changed by a screw arrangement, and this angle or! 
tangent read on a scale on the upper surface of the horizontal boat 
The block of wood, 8 inches long and 6 inches wide, weighs abo! 
1% pounds. This block and the inclined plane are covered with 
fabric to be tested. Clamps for holding the fabric on the block and 
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Ho inclined plane are shown in the figure. A spring keeps the fabric 
nder tension on the block and a small weight clamped to the lower 
Bnd of the fabric keeps the fabric taut on the inclined plane during the 


IV. TEST PROCEDURE 


The covered block is placed on the inclined plane and the plane is 
Bised to a point where, with the assistance of light tappings on the 
board, the block begins to slide. The sliding angle is noted and the 

ane is lowered several degrees. The block is again placed on the 
nclined plane and the above procedure then repeated several times. 

For some fabrics the angle between the planes, for the first few slides 
ill decrease one or more degrees with each slide because of a rear- 
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UrE 3.—Angles of repose and coefficient of static friction after successive 
slidings of fabric on fabric 


kngement of the fibers. As the surface gradually approaches a con- 
ant condition, the angle of inclination approaches a constant value. 
he tangent of this limiting angle is taken as the coefficient of friction 
r the particular fabric under test. 

The decrease in the coefficient of friction, from its initial value for 
ie first slide to its final value for the limiting angle, may be taken as 
i indication of the texture of the fabric. This 1s illustrated by fab- 
(s whose fibers have a tendency to extend above the surface. Thus 
tories with short fibers and napped surfaces show greater changes 
| the coefficient of friction than fabrics with a smooth finish. The 
efficient of friction for a fabric with a smooth surface is less than 


t 


iit for a fabric with a napped surface, 
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V. ILLUSTRATIVE RESULTS 


The results of tests on a variety of fabrics are shown in Figure: 
Angles between the two planes may be read at the left of the diagry! 
and the coefficient of friction at the right. Im every case the gig, 
was made in the warp direction of both specimens. The results show 
are for fabrics of different materials and weaves so that the posit 
of each material on the diagram does not indicate the position th 
would be occupied by another fabric made from the same mater! 
but of different weave. The results show that variations in the coef 
cient of friction of fabrics can be recorded with the apparatus hemiz 
described. The results also indicate that a complete study of ti 
slipperiness of fabrics would include the effect of weaves, yarns, anj 
finishes for each material. 


WasHINGTON, February 24, 1930. 





ACCELERATED TESTS OF ASPHALTS 
By O. G. Strieter! 


ABSTRACT 


Equipment and methods for testing asphalt by accelerated weathering are 
Jescribed. 

A variety of asphalts are shown to exhibit the same type of changes when ex- 
sed alternately to a cycle consisting of light from an inclosed carbon arc, water 
pray, and sudden temperature changes as when exposed outdoors under actual 
wet athe r conditions. 


CONTENTS 


Introduction 
ll. The accelerated weathering cycle 
ll, Method’.of preparing test panels... 0... .......6.. 2c eee scce 
IV. Outdoor exposures versus accelerated tests.___.........---------- 
. Experiments and results of accelerated weathering tests on asphalts_ 
1. Value of tests 
. Summary 


I. INTRODUCTION 


This paper describes the equipment and methods developed at 
the National Bureau of Standards for accelerated weathering tests of 
asphalts; discusses the results obtained by its use; and suggests 
applications of this method in the solution of problems encountered 
in asphalt technology. 


II. THE ACCELERATED WEATHERING CYCLE 


The purpose of the accelerated weathering test is to produce rapid 
hanges in the asphalt under conditions simulating outdoor exposure. 

The equipment is essentially the same as that of Walker and 
Hickson,” consisting of three carbon arc lamps operating at 220 volts 
E cand 13 amperes. Each lamp is equipped with a cylinder with 

inch slots for holding the test specimens or panels and each cylinder 
is geared to a driving mechanism which rotates it once in 20 minutes. 
Light spray simulating gentle rain is obtained from vertical water 
jes which may be operated in conjunction with the lights. Lawn 
sprinklers, with rotating arms, are used for vigorous spraying. 

The heat produced by the lamp maintains a temperature of approxi- 
mately 140° F. at the surface of the panels. A refrigerator, as a sepa- 
tate unit, is used to obtain sudden temperature changes. 

Figure 1 gives a photographic view of the accelerated w eathering 
equipment. 





Leases . rch associate, Asphalt Shingle and Roofing Institute. 
slerated Tests of Organic Protective Coatings, B. S. Jour. Research, 1, p. 1; July, 1928. 
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The daily accelerated weathering cycle is as follows: 
18 hours light (overnight). 
1 hour refrigeration at —10° F.; three times per week. 
3 hours rain (lawn sprinklers). 
This cycle admits of numerous modifications to produce more {yy 
quent changes in the weathering conditions. However, in this wo 
only the simplest cycle was used since, in general, more freque;; 
changes do not affect the ultimate result, but merely hasten the tes 
After the conclusion of the exper riments described in this paper t! 
cycle was modified as follows: 
Cold, 1%4 hours, 8.45 a. m. to 10.30 a. m. 
Rain, 1 hour, 10.45 a. m. to 11.45 a. m. 
Light, tv hours, 12 m. to 1.30 p. m. 
Rain, 2 hours, 1.45 p. m. to 3.45 p. m. 
Light, 16% , hours, 4 p. m. to 8.30 a. m. 
This cycle gives quicker results and is recommended as a tentatiy: 
standard of test. 


III. METHOD OF PREPARING TEST PANELS 


For consistent results asphalt coatings of uniform thickness ay 
essential. The following apparatus has given satisfactory resulis 

A brass pipe, 12 inches long and 1.5 inches in diameter, is mount 
above a block of wood (2 by 4 by 12 inches); the frame being constrv. 
ted to permit raising or lowering the pipe. An electric heating co) 
inside the pipe, controlled by a rheostat, heats the pipe to the desire’ 
temperature. 

The asphalt is melted at the lowest possible temperature and pour 
on an aluminum panel and allowed to cool. The pipe is adjusted « 
give the thickness of coating desired and the panel is slowly passe 
back and forth between the pipe and block several times. If the pane! 
is placed on several sheets of strong typewriter paper, folded one: 
lengthwise, the upper layer of paper can be used to pull the panel ba 
and forth and the lower paper will protect the block of wood from «1 
excess asphalt. Care must be taken to keep the pipe clean. 
coatings described in this paper were 0.025 + 0.003 inch in thickne: 
Aluminum was used in these tests as a more suitable material {or 
panels than glass, wood, or iron, because of freedom from break: 
and relative freedom from moisture or air. Asphalt adheres very \ 
to aluminum. 

Panels for the tests in this paper were prepared by the sim 
device described above. An improved model of a coating machi 
for which the author is indebted to L. Kirschbraun, of the Fiintkot 
Co., is shown in Figure 2. This improved model will be used in fut 
tests. 


IV. OUTDOOR EXPOSURES VERUS ACCELERATED TESTS 


Preliminary outdoor exposures, to check results of accelerated tests 
were made in Petri dishes, as this method of exposure is largel! 
standardized in asphalt testing. Later the outdoor exposures We! 
made on aluminum, prepared as for the accelerated tests. 

The presence of cracks, extending through the coating to 
metal, as evidenced by visual inspection, was “taken as the end point 
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Figure 3.—Outdoor versus accelerated exposure 


panels shown in upper row were exposed outdoors to actual weather conditions for 1! years. 
panels immediately below these are their duplicates and were exposed In the accelerated test 
for 70 days. 
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FiGuRE 4.—Outdoor versus accelerated €X POS Ure 


rhe panels shown in upper row were exposed outdoors to actual weather conditions for 1! 
The panels immediately below these are their duplicates and were exposed in the accelerated t¢ 
for 70 days, 
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of the test. In all cases the changes on outdoor exposure occurred in 
» he same order as in the accelerated test, showing that the accelerated 
' test is a true measure of the relative durability of asphalts. 

In Figures 3, 4, and 5 the panels are especially grouped to bring out 
| the relation between outdoor and accelerated weathering. The melt- 
‘ing points of these asphalts were around 220° F. The panels were 
| prepared by the method previously described by pouring the melted 
| psphalt on slightly preheated aluminum sheet metal (3 by 6 by one- 
sixteenth inch) and then passing, after cooling, under the heated pipe 

until the desired thickness of 0.025 inch was obtained. 

_ The panels shown in the upper rows of the photographs were exposed 
' outdoors for one and one-half years. The asphalt samples exposed to 
the accelerated cycle are shown in the lower rows. These were ex- 
' posed to the cycle for 70 days. An examination will show great sim- 
' ilarity in appearance of these panels, particularly in the nature of their 
behavior as checking, cracking, flatness, and contraction. 

| In Figure 3 the first panel in the upper row shows similarity with 
| its duplicate immediately below in its flatness and in the nature of 
‘its checks, which tend to form an irregular network. The word 
' “flatness” refers to a peculiar smoothness of these panels. The center 
; panels do not show flatness, but show a similar network of checks. 
' The checking is more pronounced in the lower panel (accelerated 
test), but the type of change is the same. This sample was specially 
prepared to obtain an asphalt of poor weather-resisting qualities. 
; The third panel (upper row) shows checking and straight cracking. 
The accelerated test (lower row) shows the same results as the outdoor 
exposure, only that the accelerated panel shows more flatness. The 
development of a ‘flat’? and matt appearance is characteristic of 
paraffin-base asphalts. 

In Figure 4 all the panels show flatness, most pronounced in the 
irst and least in the center panels. The results obtained are similar 
in the accelerated and outdoor exposures. In the third set there are 
slight protuberances on the accelerated panel which do not show in 
the outdoor exposure. Refrigeration when used daily greatly re- 
tarded the formation of such protuberances, both as to size and 
number. 

Figure 5 shows some new effects, more pronounced in the acceler- 
ated tests than in the outdoor exposures. In the third set of panels 
the checking is similar, as may more easily be detected by means of a 
magnifying glass. In the center set of panels grooving is shown, 
| uregular in the outdoor panel and deep lines in the accelerated panel. 
[he first set of panels show hummocks in addition to grooving, a 
mild form in the outdoor exposure and exaggerated in the accelerated 

xposure, 
_ These examples have been given to show the remarkable similarity 
in the nature of the changes of asphalts under the two conditions of 
exposure. No attempt has been made to establish an exact ratio 
between outdoor exposure and the accelerated cycle. 
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V. EXPERIMENTS AND RESULTS OF ACCELERATE) 
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1. VALUE OF TESTS 






The accelerated weathering cycle is valuable, not only because j 
produces in a short time results which are similar to long-time expo. 
sures outdoors, but also because it readily produces results which gp 
useful in identifying kinds or types of asphalt and furnishes a metho 
for detecting differences in the composition of asphalts. As Figuns 
3, 4, and 5 show, such types and differences of asphalts may also hy 
detected upon outdoor exposure. The results, however, are not 4 
distinct and the tests require much more time. 

The results from the accelerated weathering tests may be describ; 
qualitatively and quantitatively. 

The qualitative result is obtained in from 1 to 10 cycles of exposur 
to the accelerated cycle and is useful in determining the type 
asphalt as evidenced by its characteristic behavior. 

Asphalts may be grouped into types according to their character. 
istic behavior in the accelerated weathering cycle. In general, fron 
four to six types should be distinguished for a complete study. Fu 
the sake of simplicity, however, only two types will be considered her 
namely, type A and type B. 

Type A.—These asphalts check when exposed to the accelerate 
cycle. They remain glossy for a relatively long time. After prolonged 
exposure to the cycle, the checks extend through the coating to the 
surface of the aluminum panel. Figure 6 illustrates this type 0 
asphalt. This panel was exposed for 70 days to the accelerated cycle. 
The irregular form of the checks and their rounded edges (checking 
are characteristic of this type of asphalt. 

Type B.—These asphalts do not check. After 18 hours of exposure 
to light they become dull and show a flat, smooth, and streaked 
surface. When sprayed with water the asphalt takes on a grayish- 
green surface film. After prolonged exposure the asphalt cracks 
through to the surface of the aluminum. These cracks form long 
straight lines and run in every direction over the surface of the panel 
(cracking). This type of behavior is well shown in the first set 0! 
panels of Figure 4. This type is further illustrated by Figure /. 
The asphalts in this group (fig. 7) were made from various kinds 0! 
crudes, but all came from the same petroleum fields. Their physica! 
constants are shown in Table 1: 








TABLE 1.—Physical constants of asphalts 
















Soften | Characteristic 
Plate ; “| Pene- | Ductil-| behavior to a 
No. Material hn tration| ity | accelerated Remarks 
F | weathering 
| 
ia lM a iil | 
| °F. | 
Type B asphalt. | 223 | 25 a4 Dype B...-a0. } 
peta . eee 272 | 22 1.4 |...-.do.........|| These asphalts were made from var 
ree: 230 | 25 1.8 |---- . ous semiasphaltic crudes. 
neccaniad 223 7 ee tonidol 7 
} 


















When different asphalts are refined in the same manner it } 
frequently possible to determine their origin by exposure to the 
accelerated cycle and noting the characteristic behavior. Howeve!. 
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Figure 5.—Outdoor versus accelerated exposure 


he panels shown in upper row were exposed outdoors to actual weather conditions for 1! years. 
panels immediately below these are their duplicates and were exposed in the accelerated test 
0 days. 
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FIGURE 6.— Acceleraled exposure, type A asphalt 


The check formation is characteristic for this type of asphalt. 
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Figure 7.—Accelerated exposure, type B asphalts 


sphalts in this group were made from various kinds of crudes, but all came from the same 
roleum fields. Their behavior is similar on exposure to the accelerated cycle. (See Table 1. 











FicgurE 8.—Accelerated tests 


vs gradation of properties when asphalt fluxes are mixed before blowing. (See Table 2 
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py changing the method of manufacture the crude oil can be made to 
produce asphalts that approach the appearance and behavior of 
other asphalts. In such cases it becomes difficult to detect the geo- 
graphical origin of the crude oil from which the asphalt was made. 
~ In Table 2 are listed the physical characteristics of mixtures of 
gsphalts of the types A and B and their behavior in the accelerated 
eyele, These asphalts were prepared by mixing fluxes of type A and 
type B and then oxidizing them to the desired melting points. As 
seen in photographs of Figure 8, the behavior shows a gradation of 
properties from type A to type B. 


TABLE 2.—Physical constants of asphalts 





| Melt- Characteristic be- 
Pene- | Duc- havior to accel- | 


Material Ing | tration | tility erated weather- 
point ing 





: a 
19) | TYPO A.---nn-nnn-n-nne-- | 22 0 | Type A (heavily }) shows gradation of prop- 
‘ Fs | 92R . ,soere )- erties from straight 
| 50 per cent type A flux; 236 Combination _ of | type A asphalt to 
50 per cent type B flux. | | type Aand B. | stuaight hue B. Tho 
2| 70 per cent type B flux; 217 5 2.6 1 faxes ware firat- mixed 


30 per cent type A flux. \ l| and then oxidized 
0 PRO Bess. cc cadst a iat zi 2. : 











In Table 3 the samples were prepared by mixing a flux of type A 
with a preoxidized asphalt of type B. Comparing panel No. 120 
fig. 9), with panel No. 92 (fig. 8) some differences in behavior are 
shown between mixtures of preoxidized fluxes and asphalts prepared 
by the oxidation of mixed fluxes. Panel No. 92 shows a behavior 
characteristic of a combination of types A and B, whereas the same 
percentage composition of A and B of panel No. 120 (but preoxidized) 
shows up as type B. 


TABLE 3.—Physical constants of asphalts 





| 
| | Characteristic 
’ | Melt-| Pene-| nue. | behavior to 
Material | Ing | tra- | tility | accelerated 
| point | ton weathering 


Remarks 








| 
| 
Week ree | 
FO ae | 2 13 .0 | Type A (heavily 
| grooved). | 
20 per cent type B; 80 | 15 | " 
per cent type A. 
14 | 30 per cent type B; 70 
| percent type A. 
10 per cent type B; 60 
per cent type A. 





These samples are mixtures of 
preoxidized asphalts. The 
asphalt present in greatest 

8 | 60 per cent type B; proportion determines the 
| percent type A. — 
| 70 per cent type B; ; 
| per cent type A. 

2 | 80 per cent type B; ¢ 
__ per cent type A. 


Type B | 272 








from this it would seem that oxidation of mixed fluxes produces 
i asphalt with characteristics of both fluxes, whereas in the case of 
luxtures of preoxidized asphalts the oxidized component present in 
sreatest proportion determines the ‘‘type.’”’ This latter case is 
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illustrated in Figure 9. Whether such behavior will always be foun 
when mixing asphalts, only further investigation will show. 

Some asphalts when exposed to the accelerated weathering eyel 
groove and contract. Similar results are obtained on outdoor ex. 
posures. (Compare center panels, fig. 3, and panel 130 of fig. 8.) |) 
some cases this contraction is slight, in others pronounced. A ee 
nounced case of this contraction and upheaval is shown in Figure 
panel No. 1, lower row. 

To determine whether the aluminum base caused this behavior, 
similar panels were prepared from invar metal, copper, pyrex glass, 
and saturated asphalt felt. Upon exposure to the cycle, the behavior 
in all cases was the same as on the aluminum. 

To show that such contraction is due to the nature of the asphalt 
two samples were prepared in a small laboratory still. The crude 
was reduced for sample A to a specific gravity of 0.983 and for sample 
B to a specific gravity of 1.024. These residuums were then blown 
to a melting point of 200° F. In this manner two different asphalis 
prepared from the same petroleum base were obtained. Upon ey 
posure to the accelerated cycle, sample B showed considerably mors 
contraction than sample A. In Figure 5, the first panel of the lower 
row shows a pronounced case of such contraction as a result of | 
method of refining. In Figure 3, the center panels show contractio1 
as a result of improper blending. 

One of the important problems confronting the asphalt technologist 
is that of blending various asphalts to produce mixtures best adapted 
for the special purposes for which they are intended. This requires 
an intimate knowledge of the nature and behavior of the various mate- 
rials and from the above experiments it would seem that such know!- 
edge can best be acquired by use of the accelerated cycle. 

‘The quantitative measure of the relative durability of an asphalt is 
regarded as the time required (usually 20 to 80 cycles) for the asphalt 
to crack down to the aluminum panel. If desired, the ‘“electrica! 
conductivity test”? described by Walker and Hickson * may be used 
to determine cracking of the asphalt to the surface of the aluminum 
For the present tests this method was not used, but the panels were 
studied by visual inspection which proved sufficient for these purposes. 

Chemical analysis, according to the method of Marcusson,’ was 
found to be useful in following the progress of deterioration. Asphalts 
consist of oils, resins, and asphaltenes, and upon weathering the con- 
tent of oil and of resin decreases, whereas the asphaltene content 
increases. 

In Table 4 the changes that take place in asphalts on weathering 
are indicated. Thus, the stage and rate of deterioration of asphalt 
may be determined by chemical analysis. 


TABLE 4.—Chemical analyses of asphalts 





| Asphalt- 


, » “wh ¢ < Ous 
Exposure to cycle enes | | Resins 





| Per cent Per cent| Per ct 
[None -eeneenl emerwead ‘ é 


*, M. P. asphalt 21 days__- 


so days. 


See footnote 2, p. 247. 
‘ Herbert Abraham, Asphalts and Allied Substances, 3d ed., p. 755. 
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Stricter} 


The value of such chemical analysis is the greater in that it will per- 
mit a definite comparison between outdoor and accelerated weathering. 


».. VI. SUMMARY 

The experiments have demonstrated that similar results are 
obtained when asphalts are exposed to the accelerated cycle and to 
outdoor weathering. 

It was found that asphalts show a characteristic behavior when 
exposed to the accelerated cycle, so that it is, possible to classify the 
asphalts into ‘‘types of behavior.” 
| It was further shown that some grades of asphalts contract when 
exposed to the cycle, as well as outdoors. 

The value of the ®hemical analysis of asphalts to determine progress 
of change was indicated. 


WasHINGTON, February 1, 1930. 
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CONDUCTIVITY AND DENSITY OF CHROMIC ACID SOLU- 
TIONS 


By H. R. Moore and W. Blum 


ABSTRACT 


The conductivity and density of chromic acid solutions were determined for 
honcentrations up to 10 molar (1,000 g/l of CrO3). The density is practically a 
linear function of concentration. The conductivity increases to a maximum at 


about 5 molar and then decreases. 
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I. INTRODUCTION 


This study is a step in an investigation of the theory of chromium 
plating. The solutions used in this process have chromic acid as 
their principal constituent. In addition, they contain some other 
anion, such as the sulphate ion, which is introduced as sulphuric acid 
ras a sulphate. During operation there is always formed in the 
bath some trivalent chromium, commonly supposed to exist as 
“chromium chromates” of undefined composition. The ultimate 
purpose of this research is to determine the form and function of the 

phate and trivalent chromium in such solutions. The effects of 
hes constituents upon the density and conductivity of chromic acid 
vill be measured to see whether they throw light on this problem. 

ist, however, it was necessary to determine the density and con- 
luc ictivity of pure chromic-acid solutions to serve as a basis of refer- 
ence. This report is confined to the latter measurements. 

The only values found in the literature for the conductivity of 
chromic acid are those of Walden ! for dilute solutions, and of Jones ? 





a iysik. Chem., 2, p. 71; 1888. 
1. Chem, J. , 34, p. 334; 1905. 
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for solutions from 0.8 to 7 Mat 0°C. As no temperature coefficien; 
were determined by Jones, the conductivities at higher temperatyps 
could not be accurately computed. In this study the conductiyitig 
of chromic-acid solutions from 0.1 to 10 M were measured at 0°, 93° 
and 45° C. 

The densities of chromic-acid solutions, determined by seven 
investigators, have been summarized by J. A. Beattie.® The dy 
there given are for the densities at 15° C. of solutions containing froy] 
1 to 60 per cent of CrO; (that is, from about 0.1 to 10 M). In ths 
investigation the densities of solutions from 1 to 10 M in Cr0, hay 
been measured at 25° C., and a few values have been determined y 
other temperatures in order to estimate the temperature coefficiens 
of density. 

II. PREPARATION OF SOLUTIONS 


1. PURIFICATION OF CHROMIC ACID 


As a result of the demand in recent years for chromic acid for us 
in chromium plating, a product of relatively high purity is now avai. 
able commercially. This material usually contains about 99.5 pe 
cent of CrO; and small amounts of insoluble matter, sulphate, alka 
salts, and trivalent chromium. The content of these impurities cay 
be reduced by recrystallization, but it is difficult to remove them 
entirely. It was not found possible to completely eliminate trivalent 
chromium. In fact, unless precautions are used in the purification, 
there is a possibility of increasing the content of trivalent chromium, 
either through introduction of dust, or reducing gases from adjacent 
burners, or through local superheating of the solution or crystal. 
As will be shown, trivalent chromium is an especially objectionable 
impurity as it reduces the conductivity more than in proportion to 
its concentration. Efforts to reduce the content of trivalent chro 
mium by evaporating in a stream of purified air or in a vacuum 
resulted in no marked improvement. By electrolysis with a platinum 
anode and a platinum cathode in a porous clay cup, the content of 
trivalent chromium could be reduced, as found by H. S. Lukens,’ but 
not entirely eliminated. 

After numerous trials it was found that the best product was 
obtained by dissolving the chromic acid in water, filtering through a 
porous porcelain filter, and evaporating on a steam bath until, on 
cooling, about half of the chromic acid crystallized out. The crystals 
were collected on a Biichner funnel. It was not necessary to thor- 
oughly dry the product, which was used to prepare strong stock soli 
tions from which the other solutions were then made. Two lots o/ 
chromic acid were thus purified. Analyses of the original and recrys 
tallized acids (all dried at 110° C.) yielded the results shown in 
Table 1. 

Inspection of these results shows that by one recrystallization the 
sulphate and insoluble matter were reduced to negligible concentr- 
tions. The content of “alkali salts’ represents that of alkall 
(Na,O+ K,0O) combined as sulphate and chromate, chiefly the latter 
in the purified product. Sodium chromate contains only about 3 
per cent of Na,O, of which, therefore, the recrystallized acid contains 





3 International Critical Tables, 3, p. 69. 
‘ Trans, Am, Electrochem, Soc., 53, p. 491; 1928. 
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ot more than 0.04 per cent. The only significant impurity in the 
unified chromic acid is the trivalent chromium, of which lot B con- 
ins nearly three times as much as A. As it was not found practi- 
able to prepare chromic acid with less Cr,O; than in A, this lot was 
ised in most of the measurements. Lot B was used in a few cases 
sa check upon the effect of trivalent chromium. 


TABLE 1.—Purification of chromic acid 





| Lot A Lot B 





Recrys- 
tallization 


Recrys- 


tallization| Original 


Original 





99. 37 99. 74 
- 40 . 29 
. 08 Ol 
15 - 08 
17 01 











99.99 | 100.17 





2. METHODS OF ANALYSIS 


In the analysis of the chromic acid before and after purification, 
and of the solutions used for making the density and conductivity 
determinations, the following methods were used. 


(a) PREPARATION OF SAMPLES 


The samples of solid CrO; were dried by heating to constant weight 
(usually for several hours) at 110° to 120° C. That this procedure 
removed practically all the water was shown by heating a sample of 
the same material to 120° C. in a current of dry air until constant 
weight was obtained and then heating it to a high temperature until 
the CrO; was entirely decomposed. The water evolved in the second 
heating and collected in a phosphorus pentoxide tube was equivalent 
to only 0.01 per cent of the weight of the sample. 

The solutions for the measurements of conductivity and density 
were prepared and standardized on a volumetric basis with a precision 
of at least 1 part in 500. This procedure was used because of the 
greater convenience, and the fact that subsequent determinations of 
the effects of other constituents may be more readily interpreted on a 
volume concentration than a weight concentration basis. 


(b) INSOLUBLE 


The sample (5 to 25 g) was dissolved in water and the solution was 

ultered through asbestos on a Gooch crucible, previously dried at 
30° C. The residue was washed with dilute hydrochloric acid 
(1:5) and then with water, dried at 130° C. and weighed. No 
attempt was made to determine the composition of the residue, part 
of which was a black powder, insoluble in concentrated nitric or hydro- 
thloric acid. The treatment with dilute hydrochloric acid was used 
to remove any Cr,0, (or chromium chromate) which might dissolve 
in preparing the more concentrated solutions of chromic acid. To 
some extent, therefore, this definition and method of determining 
“soluble matter” is arbitrary, 
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(c) SULPHATE 


The sulphate was determined in 5 to 10 g samples of CrO, by th 
method described in B. S. Tech Paper No. 346 (1927), which involys 
reduction of the chromic acid with alcohol in the presence of a reg, 
lated excess of hydrochloric acid, and precipitation of barium sulphati 
After these analyses were completed, Willard and Schneidewin(i 
showed that in this method the precipitation of barium sulphate ; 
not complete unless the solution is allowed to stand for about 18 hous 
or more before filtration. They found that in the presence of acet): 
acid complete precipitation is much more rapidly obtained. [ph qj 
of the analyses reported in this paper the solutions were allowed jy 
stand overnight. 

(d) ALKALI SALTS 

The chromic acid was strongly ignited, leaving a residue consistiny 
of Cr,O; plus any alkalis (Na,O+K,O) that were present. In th: 
residue, the latter were combined with SO, so far as this sufficed, and 
then with CrO,; to form Na,CrO, or K,CrO,;. The green residue ¢ 
Cr.0O; was extracted with hot water, and the filtrate evaporated t 
dryness. The salts thus obtained were usually contaminated with 
undecomposed CrQ; and finely divided Cr,O; that passed through the: 
filter in colloidal form. The first residue was therefore ignited strongly 
and again extracted. The final residue, which was white or yelloy, 
was weighed and reported as “alkali salts.” No attempt was mace 
to determine its content of Na,O and K,O. 


(e) CHROMIC ACID 


The content of CrY' was determined electrometrically by titration 
with ferrous sulphate. A 3,000-ohm rheostat and portable galvanon- 
eter were used. The platinum wire electrode and the tip of a calomel 
electrode were introduced into the beaker containing the chromic 
acid. A permanent deflection of 1 mm was produced at the end 
point by an addition of 0.02 ml of 0.1 N ferrous ammonium sulphate. 
As about 40 ml of the latter solution was used in each titration, a 
precision of 1 part in 2,000 was attainable. In order to attain this 
precision in the analysis of the solid chromic acid, the titrations were 
made with weight burettes. As indicated above, the concentrations 
of the chromic-acid solutions were determined with volume burettes. 

The ferrous ammonium sulphate solution was standardized daily 
against a 0.1 K,Cr.O, N solution. The latter was prepared from 
potassium dichromate that was recrystallized from water and dried. 


(f) TRIVALENT CHROMIUM 


(1) Differential titration This method, described in B. S. Tech. 
Paper No. 346, depends upon (a) titration of the Cr‘! originally 
present and (6) titration of the total Cr”! after eny Cr™ has been 
oxidized. This oxidation was conducted with ammonium persulphate 
in the presence of silver nitrate. The Cr™ originally present was 
computed from the difference between these two titrations. It was 
found that the method is reliable and convenient for relatively large 
concentrations of Cr™, but like all such differential titrations, 1t 
not suitable for determining small amounts of Cr™, especially if these 
are of the same order as the reproducibility of each titration. 








$ Trans. Am, Electrochem, Soc,, 56, p. 333; 1929, 
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(2) Direct precipitation.—A slight excess of ammonium hydroxide 
was added to the diluted solution of chromic acid, which was boiled 
forsome time and kept slightly alkaline by small additions of ammonia. 
The precipitate of chromic hydroxide was filtered and washed, dis- 
solved in dilute nitric acid, and reprecipitated with ammonia. This 
treatment was repeated until no tests for chromate (with lead acetate) 
could be obtained in the filtrate. The precipitate was ignited ‘and 
weighed as Cr2Q3. 

No attempt was made to define exactly the optimum conditions for 
this precipitation and ignition. Tests made by this method and by 
differential titration upon chromic acid containing 0.5 to 5 per cent 
of CrO; showed good agreement. Direct precipitation was used 
for concentrations of Cr,0O; below 0.5 per cent for the above- 
mentioned reasons. 


III. CONDUCTIVITY MEASUREMENTS 
1. APPARATUS AND METHOD 


A Kohlrausch slide-wire (Leeds & Northrup) with extension coils 
and a 3-dial resistance box were used. An alternating current with a 
frequency of 1,000 cycles was supplied by a microphone hummer 
(General Radio Corporation) with an output of 0.06 watt when 
set for high intensity. This power was too low to secure a sharp 
minimum on the bridge, consequently the telephone current was 
increased fiftyfold by means of a 2-stage vacuum tube amplifier.® 
The interval of silence on the slide-wire was thereby decreased from 
3 divisions to 0.1 division, thus yielding a precision of about 1 part 
in 3,000. 

The conductivity bridge was made symmetrical by having the lead 
wires of equal length to the resistance box and conductivity cell. 
These conductors consisted of double-stranded No. 12 copper wire, 
inclosed in a grounded metal-sheathed cable. In other respects, the 
recommendations of E. W. Washburn’ were followed. In order to 
eliminate the effects of any asymmetry in the arrangement or in the 
sine wave, areversing switch was included in the circuit. Readings 
taken with the two positions of the switch did not usually differ 
by more than 1 part in 2,500. The mean of the two readings 
was used. 

The integrity of the bridge assembly was confirmed by substituting 
‘ calibrated a. c. resistance box for the electrolytic cell. Values of 
the resistance computed from the bridge settings agreed within 1 part 
in 2,000 with the standard values over the range from 75 to 900 ohms. 

Baths containing an oil of low viscosity and motor-driven stirrers 
were kept at 25° and 45° C., respectively, by means of ‘‘metastatic”’ 
mercury regulators. During the summer a cooling coil was used in 
the 25° bath. The heating elements were operated by relays actu- 
ated by a 3-electrode tube. The Beckmann thermometers used for 
setting the regulators were calibrated for total immersion. The ap- 
plication of emergent stem corrections showed that the true bath 
temperatures were 24.98° C. +0.02°, and 44.96° C. +0.02°. As the 
divergences of the true temperatures from 25° and 45° C., respectively, 





‘Similar to that used by Hall and Adams, J. Am. Chem. Soc., 41, p. 1515; 1919. 
J. Am, Chem. Soc., 38, p. 2452; 1916; Leeds & Northrup Catalogue, No. 48, p. 24; 1919. 
* Beaver and Beaver, Ind. Eng. Chem., 15, p. 359; 1923, 


118793°—30——-4 





260 Bureau of Standards Journal of Research [Vay 


produced effects smaller than the reproducibility of oo conductivity 
measurements, the results have been reported as for 25° and 45° ( 
Finely shaved ice was used to secure the temperature of 0° C. used in 
some of the measurements. 

Washburn type C cells with platinized electrodes were used. The 
heat transfer from these cells is very efficient, and their change j in 
temperature during passage of the bridge current for a few minutes 
was less than the fluctuations in bath temperature. Hence, it was 
unnecessary to wait any appreciable time before making the final 


readings. 
2. DETERMINATION OF CELL CONSTANTS 


As most of the solutions of chromic acid to be used were relatively 
concentrated and had high conductivities, it was necessary to deter- 
mine the cell constant with a solution of comparably high conduc 
tivity. For this purpose sulphuric acid of maximum conductivity 
was selected. The density and concentration of such acid have not 
been very precisely defined. Klohrausch and Holborn® specify 3) 
per cent sulphuric acid, with a density of 1.223 at 18° C. In Inter. 
national Critical Tables the density of 30 per cent sulphuric acid is 
given as 1.2150 at 25° C. The value of 0.8242 reciprocal ohm-cm is 
given by Eastman” as the specific conductivity at 25° C. of sulphuric 
acid with maximum conductivity. Using this value, a cell constant 
of 86.98 was obtained for cell A, as the average of closely concordant 
op gr mamaley with solutions of sulphuric ac id ranging in density at 

°C. from 1.2180 to 1.2243. In like manner for cell B a constant 
of 63.15 was obtained. 

The above values were checked approximately by means of ‘‘demal” 
potassium chloride solution, prepared according to Parker and 
Parker," and with 1 N potassium chloride solution prepared accord- 
ing to Kohlr ausch, Holborn, and Diesselhorst.’2 The potassium chlor- 
ide was twice rec rysti allized, sintered, powdered, and heated for poi 
hours at 150° C. Kohlrausch’s solution and data yielded a cell con 
stant for A of 87.03, and Parker’s a constant of 87.10. Both of these 
are in fair agreement with the value of 86.98 obtained with sulphuric 
acid. Since the resistivities of sulphuric and chromic acid are com- 
parable, the latter value was used. Similarly for cell B, the constant 
63.15 was chosen as the correct value. The values 63.17 and 63.13, 
secured with the Parker and Kohlrausch solutions, respectively, were 
considered as checks on this result. When the conductivity of a 
given chromic-acid solution was measured in cells A and B, the 
values computed from the selected constants agreed to within about 
1 part in 1,000. 

IV. DENSITY MEASUREMENTS 


The density determinations were made by E. 4h. Peffer, of this 
bureau. G lass sinkers, partially filled with mercury, were immersed 
in tall cylinders containing the ¢ hromic- acid solutions. The cylinders 
were kept in a bath maintained at 25 +0.02°C. For the stronger, 
more viscous solutions pycnometers were used. Appropriate corre¢- 





* Leitvermégen der Elektrolyte, p. 75; 1916. 
© J. Am. Chem. Soc., 42, p. 1651; 1920. 
J, Am. Chem, Soc., 46, p. 332; 1924. A ‘“‘demal”’ solution contains 1 equivalent in 1 cubic decimeter, 
not in 1 liter. ; 
: 12 — Physik., 64, p. 440; 1898. The corrected Kohlrausch conductances which were used are givel 12 
C. T., 4, p, 230, 
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“ons for the air buoyancy of the pycnometer and weights were ap- 
plied. ‘The values submitted were adjudged to be accurate to within 

l ‘part in 2,000. 

V. RESULTS OBTAINED 


The data for concentration, density, and conductivity are assembled 
‘n Table 2. The concentrations in the first column are those obtained 
by actual analysis. A preliminary plot of these concentrations 
azainst the measured densities indicated that the relation is prac- 
tically linear. The ‘‘revised concentrations” in the second column 
were obtained from a straight line drawn through the points in such 
a way as to make the average percentage deviations from the exper- 
imente al concentrations as small as possible. This condition was sat- 

sied by the equation D=1.00644 + 0.06606 C, the constants of 
wich were evaluated by plotting the function 


F=" 


a" > against n 
where D=density and C=concentration." 

This equation was found to represent the experimental data closely 
for the range 2 to 10 M. These ‘‘revised concentrations”’ have been 
fused in the other tables and plots. (Densities obtained with 2 and 
5 M cromic acid solutions prepared from lot B fell on this line, in- 
dicating that small concentrations of trivalent chromium exert no 
perceptible effect on the density.) Table 3 gives the densities and 
conductivities for integral volume concentrations. 


TaBLE 2.—Hxperimental data on density and conductivity of chromic-acid solutions 





Experi- | 2 Conductivity (reciprocal ohm-cm) | 
mental con-| Revised Density | 
centration | concentra- | “oro (."’ 
mols/L at tion a 

25° C. 





0. 0467 
. 0913 
. 2162 
. 3911 


5285 


. 6204 
. 6561 
. 7078 
. 7631 





eSNNP 


So 





939 
791 739 | .65 4215 


SeuN 





| 
| 
| 





c a the linear relation between concentration and ‘uate poem not hold below about 2 M, the equation 
ven in the text does not apply to this concentration or to others below 2 M. 


" International Critical Tables, 3, p. 52. 
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TABLE 3.—Interpolated data on density and conductivity of chromic-acid solution, 





Concen- Conductivity (reciprocal ohm-cm) | 
tration Density, 
mols/L 25° C. 

at 25° C. Me 25° C. 45° C, 








0. 389 


22 29 £9 BO ps 
ah 
Sss 








CT a al ol al ot 


oon 


Don 

















1 Maximum, 


A comparison of the density data for 25° C. with those compiled by 
Beattie for 15° C. shows substantial agreement. When Beattie’s 
values for weight-concentration * are converted to volume con 
centrations, his data also fall upon a straight line, with slightly 
higher densities at 15° C. (as would be expected) than those here 


reported for 25°C. A few measurements of density at 15°, 25°, and 


35° C. yielded, for M CrO;, temperature coefficients of fo of 
0.00023 (15° to 25°) and 0.00032 (25° to 35°) which are very close to 
those of pure water (0.000205 and 0.000302, respectively). For 

5 M CrO; the corresponding coefficients are 0.00075 and 0.00078. 
The differences between the density values for 15° and 25° corte- 
spond approximately to these coefficients. These differences are t00 
small to affect the practical control of chromium-plating solutions 

In Figure 1 the conductivities have been plotted against the re 
vised concentrations. These curves show that there is a maximum 
in the conductivity of chromic acid, the!position of which varies with 
the temperature; that is, from about 4.1 M at 0°C. to 4.8 M it 
25° C. and to 5.0 'M at 45° C. Thisshift, especially from 0° to 2 0(. 
is greater than can be accounted for on the basis of the pion in 
density and hence in volume concentration, that is caused by the 
difference in temperature. It must, ther efore, i involve a difference in 
the degree or type of the dissociation of the chromic acid. 

The temperature coefficients of conductivity computed from the 
data in Table 3 show that in the range from 25° to 45° C., such as is 
used in chromium plating, the average coefficient is from 1 to 1.5 per 





14 International Critical tables, 3, p. 69. 
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mnt per °C. The temperature intervals were too great to permit 
curate computation of the coefficients for small intervals. 

The data in the tables and curves were all obtained with lot A of 
romic acid except the few points marked B, which were obtained 
‘th lot B which has a trivalent chromium content nearly three 
mes as great as A. It is not possible from these few observations 

estimate closely the effects of trivalent chromium upon the density 
- conductivity. This will be the subject of a future investigation. 
lew preliminary experiments were made with solutions containing 
own Jarger concentrations of trivalent chromium, introduced as 
yomium hydroxide. These indicated that the decrease in con- 
uctivity produced by trivalent chromium, calculated as Cr,Qs, is 
bbuchly three times as great as its proportional content. It is at least 
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Figure 1.—Conductivity of chromic acid 


ossible, therefore, that the conductivities here recorded for lot A 
which contained 0.11 per cent Cr.O;) may be too low by 0.3 per cent. 
rending more exact measurements, no such correction has been 
tpplied to the data. 


VI. CONCLUSIONS 


The only general conclusions that can be drawn from these measure- 
hents are that (1) the density of chromic-acid solutions is practically 
t linear function of the volume concentration, and (2) the conduc- 

vity of chromic-acid solutions reaches a maximum at from 4 to 5 AZ, 
mcpending upon the temperature. Further experiments will be made 
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to determine more exactly the effect of trivalent chromium upon { 
conductivity. At least it is evident that the presence of a maxim 
in the conductivity of practically pure chromic acid shows that n 
curve of similar shape reported by E. A. Ollard” for a solution 
chromic acid with a high content of trivalent chromium has no new 
sary bearing upon the form or function of the latter constituent ; 
such solutions. 


WasHincTon, February 8, 1930. 





1s Electroplaters’ and Depositors’ Tech. Soc., 3, p. 5; 1929. 
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RELIMINARY STUDIES OF THE EFFECT OF DEOXI- 
DATION AND MOLD CONDITIONS ON THE TENSILE 
PROPERTIES OF CARBON STEEL CASTINGS 


By J. V. McCrae ? and R. L. Dowdell 


ABSTRACT 


; Foundrymen occasionally experience difficulties with steel castings in meeting 
ctility specifications of 24 per cent elongation and 35 per cent reduction of 
roa if the steel is deoxidized with aluminum shortly before pouring the castings. 

nd castings can usually be obtained in dry sand molds without the addition 

{“deoxidizers”’ immediately before pouring. 

Green sand molding is generally desired but porosity, as ‘‘pinholes,”’ often 
curs. Aluminum and other ‘‘deoxidizers’’ studied eliminated porosity but 
ered the ductility. The mold conditions are probably the important varia- 
les responsible for pinholes. A sufficient amount of ‘‘deoxidizer,’’ however, 
hould be in the steel at the time of pouring to deoxidize the steel from the gases 
volved from the moisture contained in the mold, 
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I. INTRODUCTION 


The problem of obtaining sound steel castings in green sand mol 
with the most desirable mechanical properties has long been studi 
by steel foundrymen. Frequently steel foundrymen are called on j 
meet specifications * in w hich the minimum requirements are: Tey, 
sile strength, 60,000 lbs./in.?; yield point 45 per cent of the tengj 
strength; “elongation on a 2-inch gage length 24 per cent; and redy 
tion of area 35 per cent. 

These specifications can be generally fulfilled if dry sand or surfag 
dried molds are used, but green sand molds are desir ‘ed in MANY Casey 
W ith green sand molds, it is frequently found that small holes, knovg 
as “pinholes,’ ”” are frequently produced at fillets and similar positio, 
on surfaces of castings. Most of the trouble seems to be due to th 
moisture in the green sand molds. These pinholes are apparent) 
caused either by the moisture itself, as steam, or its dissociaton proj 
ucts or both. 

While the addition of aluminum (about 1 pound per ton of sted) 
will usually eliminate the pinhole trouble, it will generally reduce ths 
ductility of castings 

Castings having low ductility persist even after heat treatment 
consisting of either normalizing or annealing from 900° to 925° () 
(1,650° to 1,700° F.) followed by reheating to temperatures jus! 
below the Ac, critical point or about 705° C. (1,300° F.). Wha 
this problem was brought to the attention of the National Bureau o 
Standards, it was considered a suitable subject for study because the 
United States Government is a large purchaser of steel castings. 

The work was undertaken, on the research associate plan,' in ¢0- 


operation with two founder members of the organization of the ass- 
ciation which is now known as The Steel Castings Developmen 
Bureau. 


II. PLAN OF INVESTIGATION 
1. PRELIMINARY TESTS 


The first series of tests was planned with the aim of determining 
the extent of the reported difficulties. In the early plans, it was 
decided to study consecutive heats from the different foundries. For 
this preliminary work, 100 consecutive heats were produced by one 
of the foundries, 32 heats (not all consecutive) by a second foundry. 

The seriousness of the question of low ductility was well brought 
out by these preliminary experiments, and on discussing this problem 
of low ductility in steel castings with steel mill operators, it was 
found that this same problem is quite common with rolled and forged 
steels as well as with steel castings. It was evident, therefore, that 
in this study of steel castings all possible phases of the subject that 
might influence the results should be included. With this in mind 
the plan of study was outlined to include the effect of varying ordi- 
nary foundry conditions, such as green and dry sand molds, misce- 
laneous variables, such as segregation, design of test castings, heat 
treatment, casting temperature, character of scrap, various deox- 
dizers and issabilantinon methods, and | various mold conditions. 


3U.S8. Navy Department isiiliaiinin 49S1G, April 1, 1925. Steel Cuatiioes (class B) 
* Bureau of Standards Circular No, 296. 
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Steel Castings 


FOUNDRY PRACTICE USED IN THE PRODUCTION OF TEST CASTINGS 
(a) MELTING 


The typical melting practices used by the two foundries are shown 
) Table 1. These practices which did not differ materially were 
losely adhered to with only slight changes which will be stated as 
e results of this investigation are discussed. A study of Table 1 
ows that the two foundries used what is considered to be the normal 
eting practice on steel castings. 

spLE 1.—General foundry practices at the two acid electric steel foundries in the 

production of the test castings 


[All castings were poured over the lip of the ladle] 


Plants— 





* ee Re, Mes! |) PE, RRR BS 
e of furnace.--....-----| Heroult Graeves-Etchell._.....; Graeves-Etchell. 
Me CADACICY (G8 USU)..) a79-00N. ~~. ooo nnn] Se OMawenewconnnnsecenn|, 4°U0ie 
charge: | 
Shop scrap (per cent) -. SS ose i 
New scrap (per cent) -..| 6 


1 hour | 1 hour. 

Heat. -- y | 1 hour 15 minutes. ____| 1 hour 15 minutes. 
1 on melting (aver- 28 Ch. ae | 0,20-0.30. 
per cent). | 


60-70 pounds with initial | As needed after melt- | As needed after melt- 
charge. ing. | ‘pe. 

Usually, after melting 6 pounds before Si|6 pounds before Si 

addition. addition. 

Carbon As needed as coke or | As needed (as pig)_---| As needed (as pig). 

pig). 

Ferromanganese (80 per | 55 pounds 3~6 minutes | 30 pounds in 2-ton | 35 pounds in furnace 
cent Mn) when added. before tap. ladle. just before tap. 

Ferrosilicon (50 per cent | As needed, 10-20 minutes | As needed, 10-15 min- | As needed, 10-15 min- 
Si) when added. before tap. utes before tap. utes before tap. 

Aluminum, per ton of | 1.2 pounds. -..-.........--- 1 UNG s.....c a ORE | 1 pound, 


steel. | 





Where made Large ladle ! Shank ladle ? Large ladle.! 
2, leg Bl ae Fy 2 
| 1,600°-1,650° F., 6 hours; | 1,650° F., 2 hours,’ | 1,650° F., 2 hours,’ 
| furnace cool to black soak; air cool. soak; air cool. 
heat. 


Ladle contains the entire charge. 
Ladle contains only a part of the charge. 











The commercial production of acid electric steel castings is prac- 
tically a plain melting operation with no attempt to refine to the 
legree which is practiced with basic lined furnaces. In the production 
{steel castings the scrap is selected so that its phosphorus and sul- 
phur content are usually below 0.05 per cent each. The charge is 
nielted; brought to the desired composition by suitable additions; 
leoxidized, either in the furnace or the ladle or both; tapped and 
oured into castings. 
(b) MOLDS 


Both green sand and dry sand molding were used by the plants in 
le preparation of test castings. The green sand molding conditions 
vere about the same in the various plants. 

At various times throughout the investigation, test castings were 
poured in cored molds and combinations of core and green sand molds. 
No attempt has been made to determine the sand characteristics of 
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the cored molds. Also, during these experiments, various mold prey 
arations, such as rubber compounds, alcohol, powdered aluminyy 
powdered magnesium, etc., were used. The results of these mol 
preparations are given later. 


(c) FORMS OF TEST CASTINGS 


All of the test castings were poured as ‘‘detached” castings. Thi 
form is not the same as the so-called ‘‘attached coupon bar.” A mod 
ified form of test casting was used in the latter part of the investizy 
tion. This modification was used primarily to show how differey 
surfaces of the same steel casting are affected by both core and gre 
sand mold conditions. 

(4) HEAT TREATMENT 


Most steel foundries now heat treat their castings for commerciy 
use in order to obtain the higher mechanical properties which th 
trade demands. The test castings were previously heat treated , 
the various foundries where they were cast. These treatments ar 
shown in Table 1. In general, the heat treatment consisted of normal 
izing from 870° to 900° C. (1,600° to 1,650° F.) or annealing from th 
same temperature range to a black heat. Various heat treating exper 
iments were also conducted in the course of this work with the hop 
of improving the ductility of the steels which had been deoxidize 
with aluminum. 


3. TEST METHODS AND EQUIPMENT 


The main test used for determining the mechanical properties of 
the test castings was the tensile test. Standard 0.505 inch diameter 
test bars were machined, after heat treating, from the test castings 
The yield point was determined from the automatically drawn stress 
strain curves which were determined in each case. 

The Izod impact test was used to a very limited extent in a pr 
liminary way to supplement the ductility values as measured by t! 
tensile test. Only 16 bars were tested. The results showed that « 
the ductility of the castings increased there also was a slight tendency 
toward higher resistance to impact. However, the Izod determin 
tions on steel castings were not considered to be discriminating enoug! 
to be of importance in this work. 


III. RESULTS 


1. EFFECT OF VARYING ORDINARY FOUNDRY CONDITIONS 
(a) AVERAGE PROPERTIES OF GREEN SAND CASTINGS 


No detailed data were available to show the chemical and physical 
properties and structural characteristics of the customary product 
in green sand castings, so a study was first made of 100 consecutive 
heats. The furnace charge for these consisted of about 20 per cent 
of boiler punchings, 15 per cent of light punchings from cold-rolled 
sheet, 25 per cent of heavy ball bearing punchings, and the remainder 
of return shop scrap (gates, heads, castings, etc.). After melting, small 
quantities of iron ore, lime, ferrosilicon, etc., were added as required, 
and after about 1 hour and 15 minutes, the metal was ready to cast. 
The heats were tapped into a 2-ton teapot ladle where the ferr- 
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manganese was added. From this ladle the metal was poured into 
the working ladle, the capacities of which varied from 70 to 1,200 
pounds of steel. All of the test castings were poured in duplicate or 
iplicate from a 70-pound ladle. Aluminum (1 pound per ton of 
eel) was added in this ladle and the metal immediately poured into 
the test molds. 

\fter normalizing, 60 
hese were machined 


into tensile bars. 
The customary nor- 
nalizing practice 
used for these heats . ee 
consisted of heating specification mini 
wo hours at 900° 
(, (1,650° F.), fol- sd io, 
jpwed by air cooling. — 
The 100 heats are 

couped according ws 
io carbon contents, Elongation in 2 in. 
ss shown in Figure 
It is apparent = 


rom this figure that as 
the carbon content _— Ss {specification minin 
must be kept at low tL 
values, say, from 
).12to 0.17 per cent, 
if the majority of 
the heats produced 
under the so-called 
“standard ” melting 
ud normalizing 
practice Outlined 
ibove are to meet 
the specification 
requirements. 
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b) PROPERTIES OF DRY 
SAND CASTINGS 





























Tensile tests were 
made on dry sand 10 20 30 AQ 


castings selected at Average carbon - per cent 
random from 32 





heats containing Fiaure 1.—Relation of carbon content to mechanical 
ieee ontatning ap- properties of steel castings from 100 consecutive heats 
proximately 0.20 to in plant production 

Jo) per cent car- wNorre.—Cast steel ‘‘deoxidized” immediately before pouring with 
bon. The castings the equivalent of 1 pound of aluminum per ton of steel added to 

5 é S* shank ladle, Test castings made in green sand holes, 

vere not made 

‘specially for the tests but were taken from heats made early in the 
‘ourse of this investigation by company ‘‘B.” About one-fifth of the 
‘pecimens representative of the 32 heats made by company “B” 
Ued to meet the specification requirements of 35 per cent or more 
eduction of area and, in addition, about 5 per cent showed less than 
al . ’ ’ . . . 

he required 24 per cent or more elongation in 2 inches, 
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Microscopic examination showed that the dendritic or Widma 
statten structure characteristic of cast steel was more easily eli; 
nated if the steel had been cast without the addition of aluminum jy 
mediately before pouring. 


(c) MISCELLANEOUS VARIABLES 


(1) SecrecaTrion.—Steel castings do not, in general, show so gre 
a degree of structural, chemical, or physical homogeneity, as wroush 
steels and the variations encountered may be of considerable magn; 
tude. Fractured tensile test specimens from heats originally report. 
to contain very nearly the same carbon, but which showed widely dif 
ferent values of elongation and reduction of area were selected {) 
microscopic examination. Study of the individual test specimen 
indicated a considerable difference in carbon content which ya 
subsequently confirmed by chemical analysis. 

(2) Desten or Test Castines.—Another factor considered relate 
to the form of test casting. The one regularly used had sharp corner 
in the portions from which the tensile specimens are machined. Suc} 
corners affect the process of dendritic formation and may introduce 
line of weakness extending into the test bar. It was found that sligh 
changes in the form of test castings did not produce noticeable dif 
ferences in the ductility. 

(3) Heat TREATMENT.—Thermal analyses were made of two of th 
cast steels, since these normally contain somewhat higher silicon thar 
commercial wrought steels of similar carbon contents. The Ac 
transformation temperature was considerably higher in both of tha 
cast steels than in the low-silicon steels usually employed for rolle 
and forged products. On this account the first modifications made in 
the ‘‘standard” normalizing cycle were to increase the temperatur 
and decrease the rate of cooling. 

Samples from heats which showed good tensile properties under 
“standard”? normalizing and those which showed relatively poor 
tensile properties were quenched and subsequently tempered at 650) 
C. (1,200° F.). Prolonged soaking at high temperatures is helpful u 
breaking up dendritic segregation. Long heating at temperatures 
just under or in the transformation range has frequently been found 
to increase ductility. 

Of the five variables in heat treatment investigated, only one, pro- 
longed tempering at 1,300° F., produced quite definite and appreciable 
improvement in the ductility of the steels. Increase in the tempera- 
ture from which the steel was cooled, combined with a slower cooling 
rate (furnace cooling), was not effective in increasing the ductility o 
the samples. Water quenching followed by tempering at 650° C. 
(1,200° F.) did not bring the heats having low ductility within the 
requirements, although either a higher tempering temperature or 8 
longer time of tempering might have produced a sufficient improve- 
ment. The use of water quenching, in general, followed by tempering 
would not appear to be practicable on account of the intricate design 
of the average foundry product. 

One type of treatment which effectively raised the ductility was 
tempering at 705° C. (1,300° F.) subsequent to normalizing. There 
was no marked change in ductility produced by tempering those heats 
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yhich showed high elongation and reduction of area after simple 
normalizing, but the so-called poor heats showed a relatively large in- 
crease in both reduction of area and elongation when tempered for 
only two hours at 705° C. (1,300° F.). 

A 15-hour heating at 705° C. (1,300° F.) produced a considerable 
degree of spheroidization of the cementite which was accompanied by 
gn increase in the elongation and reduction of area, although there 
was no appreciable change i in the dendrites which were not removed 
y the simple normalizing. 

‘(4) Castine Trmprerature.—The results from the 100 beats 
yggest that there is a tendency toward higher tensile properties if the 
castings are poured as hot as practicable. It was noted that results 
fom additional heats, picked at random, were consistent with the 
general indications of the 100 consecutive heats previously reported. 

(5) CHARACTER OF Scrap Usep IN THE CHaARGE.—Several heats 
te made in which the character of the scrap was varied in order to 
study whether this factor bears any important relation to the ductility 
of the castings. The results indicated that the ductility of test 
castings poured in green sand (1 pound of aluminum per ton of metal 
added to the shank ladle before casting) was somewhat lower when 
light scrap was used in the charge rather than heavy scrap. In 
general, however, the question of the character of scrap used appears 
to play only a small part in the matter. 

(6) ALnoyina Wirx ErrHer NickrLt or Vanapium.—Two of the 
jeats containing about one-half and three-fourths per cent of nickel, 
respectively, showed a combination of good strength and ductility 
but it does not appear justifiable to attribute these properties solely 
to the nickel. Several of the other heats containing nickel showed 


very low ductility. Vanadium was also added to a 70-pound ladle 
ofmetal. This ladle of metal was divided, aluminum being added to 
one part but not to the other. One test bar from a casting containing 
0.25 per cent V, without aluminum, showed good properties, but the 
corresponding bar was porous. It seems that the additions of low 
amounts of the usual alloy elements will not appreciably improve the 
ductility of steel castings made in green sand, 


1, EFFECT OF VARIOUS DEOXIDIZERS AND DEOXIDATION METHODS 


Numerous experiments were made to show the effect of different 
so-called deoxidizers on the tensile properties of steel castings when 
added in various ways and in different amounts. On account of the 
widespread use of aluminum in steel casting practice, attention was 
irst given to the use of this deoxidizer. Later, experiments were 
made with other less familiar ‘‘deoxidizers.’”’ These tests should be 
regarded as ‘‘pilot tests.”” However, the general behavior of the 
“addition”? was rather clearly indicated. 


(a) ALUMINUM 


_In a considerable number of cases in this investigation sound cast- 
ings were obtained when no aluminum was added. “Indeed, the claim 

has been made that in normal foundry practice sound castings can be 
obtained without the use of aluminum for about 80 per cent of the 
lume, 
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Additional heats were made in which the same amount of aluminyy 
was added to the steel, but the addition was made to the metal in thy 
large ladle during tapping. A comparison of the results with thoy 
obtained on the 100 heats showed that, while the ductility value 
were somewhat low in a number of cases, they were not so low as th 
values obtained with the 100 heats. It would seem that the produc 
of deoxidation have had a better chance to rise to the surface anj 
perhaps, free the steel more from colloidal particles which woul 
affect the ductility. Many of these bars, however, contained bloy 
holes, thus showing that the steels had not completely “degasified” 
or that bad mold conditions had actually ‘‘regasified ”’ the metal whic} 
did not contain sufficient deoxidizer to allow for the gases evolved by 
the mold. There is indirect evidence that the greater these mold 
gases the higher will be the amount of aluminum necessary to insuy 
soundness and the lower will be the ductility of the steel. Th 
practice of deoxidizing with aluminum in the large ladle does no 
insure soundness in those cases where the metal is to be poured into, 
smaller ladle in order to pour small castings. 

In general, ‘‘pinholes”’ were prevalent in the majority of the cast. 
ings in which the practice was followed of adding the aluminum in the 
large ladle. Although no definite conclusions are justified on the basi 
of these results alone, it is apparent that the problem does not depend 
entirely upon the time when the aluminum additions are made with 
respect to the time of casting. Evidently the initial condition of the 
steel plays an important part. In this respect, they tended to dupi- 
cate the condition which so frequently obtains in castings made from 
steel which has not been treated with aluminum. The porosity may 
have resulted from an insufficient amount of residual deoxidizer to 
compensate for the gases formed from the moisture of the mold. 

The results of tests carried out for the purpose of studying the effect 
of varying the amount of aluminum added to green sand castings ar 
given in Figure 2. Two corresponding series of tests were carried 
out—one in the plant of company ‘‘A,” the other at company “B.” 
In the first series the amount of aluminum added was progressively 
increased up to 2 pounds per ton of steel, the additions being made in 
the ‘“‘shank”’ ladle (70 pounds capacity). In the companion series 
(not shown in fig. 2) corresponding additions were used but wer 
made in the large (2!s-ton) ladle, the aluminum being added by fasten- 
ing it to the end of a steel stirring rod and holding it beneath the swr- 
face of the metal. The test castingsin this case were poured in approx- 
imately 12 minutes from a 150-pound capacity ladle which had been 
filled by pouring over the lip from the 2%4-ton ladle. 

It will be noted in Figure 2 that the tensile properties corresponding 
to zero addition of aluminum were very noticeably superior to those 
of any of the steels of the same series containing aluminum. These 
values are not readily attainable and are regarded somewhat 8s 
ideals or standards for comparison purposes rather than as results 
representative of general foundry practice. 

As is evident from both series of tests, a relatively small addition 
of aluminum to the cast steel resulted in a marked change in the 
ductility properties of the steel. The decrease in the ductility, how- 
ever, does not bear a linear rleationship to the amount of aluminum 
added. Both series of tests indicated a “ductility minimum” corre 
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ponding to a relatively early stage in the series of aluminum addi- 
tions. 
The results of both series of tests were in good agreement in showing 
that the effect of the progressive aluminum additions upon the tensile 
senigtis of the 
steel was relatively Reduction of area 
very much less than 
upon the ductility. 
In the tests in 
which the alum- 
jum was added in 
the large ladle, test 
castings were 
poured in both 
sreen sand and core 


sand. No impor- \ 
tant or singificant N / yy 
differences were 

obtained in the NX / 
properties of the 
two sets of test 


castings prepared 
in this way. 
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ficient deoxidation 
= be secured 

vithout lowering 
aan ‘tility of the 
steel if the alum- 
inum were in com- 
bination, tests with 
anumber of special 
deoxidizers were 
carried out. Com- 
pounds of alumi- 
num, silicon, and 
ron were first used.  _ : ' 
Oneof these, Alsifer, FIGURE 2. —E fect of quantity of aluminum on mechan- 
. ical properties of steel castings 
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Aluminum content-pounds per ton of steel 


8 a commercial J " Nap on ey TA 4 
< . a) a OTE.—Heat 5,680: Analysis 26, n 0.63, Si 0.387 per cent. Alu- 
produc t. T h ree minum added to shank ladle immediately before casting. Test castings 
others rar o made in green sand molds. Normalized at 900° C, (1,650° F.) two hours. 
hers were pre Each point represents average of two tests. 


pared for the tests 
at the Pittsburgh station of the Bureau of Mines, under the supervision 
of Dr. C. H. Herty. 

A composite core sand and green sand mold was used for the test 
tastings in which the gate, the end near the gate, and two-thirds of 
one side of the mold were made of core sand, the balance being rammed 
om green sand, With such a mold one face of the casting will 





274 


Bureau of Standards Journal of Research [Vary 
illustrate the behavior of the metal in contact with green sand, 4; 
the same time the reduced section from which the tensile test bg 
are cut gives the properties of green-sand castings. 

Some pinholes were found after chipping the casting at the fillets 
but the only castings which showed an appreciable degree of porosity 
in the fillets were those made without the addition of aluminuy, 
Porosity was found on the green-sand side. The same metal in cop. 
tact with the core sand appeared to be perfectly sound. 

While the particular heat selected for these experiments showed rely. 
tively low values of reduction of area when cast without the additio 
of aluminum, the results clearly indicated a reduction in the dy. 
tility upon adding aluminum either in the metallic form or as part of 
any of the four aluminum-silicon-iron alloys used. In general, the 
tests showed that the addition of each of the four aluminum-silicop. 
iron alloys in amounts equivalent to 1 pound of aluminum per to 
of steel produced sound castings, but lowered the ductility to about 
the same degree as did the addition of the aluminum alone. 

Other additions which appeared to offer some possible promise 3 
a deoxidizer were tried. Among these were an alloy of manganes. 
silicon-boron, alloys of alumnium, silicon, and boron, of several dif. 
ferent compositions, metallic beryllium, an iron-aluminum alloy, and 
ferrotitanium. A number of rather unusual additions were «ls 
used, consisting of lead, brass (80 per cent copper, 20 per cent zinc), 
copper, zinc, and fused soda ash. 


TABLE 2.—Effect on the tensile properties of steel test castings of a number of special 
deoxidizers, including aluminum, boron, boron-silicon-manganese alloy, alum- 
num-iron alloy, a mixture of ferrosilicon and ferromanganese, and carbon fres 
ferrotitanium 


[ All castings were made in the combination green-sand and core-sand molds. Heat, 6983; C, 0.23 per cer 
Mn, 0.66 per cent, Si, 0.31 per cent; heat treated by normalizing at 900° C. (1,650° F.), 2 hours 
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Speci- Yield 


Additions ! point 


Porous. 
| 
46.0 | Sound. 
46.0 | Do. 





Lbs./in.?| Lbs./in.2| Per cent| Per cent 


{35 000 
36, 000 
(39,000 | 7 p 51.5 Do. 
\36, 500 | 70, 28. £ 40.0 

hse 500 71, : 18.0 
34, 500 5 


14 pound AI per ton of steel (0.025 per cent Al) 


40 g. alloy D? (0.007 per cent B) 


£30, 000 
38) 5 


\: 
1\70 g. alloy F? (0.05 per cent B, 0.06 per cent Si, 0.10 {36 000 


per cent Mn)-_--_--- ; 39, 000 
£35, 500 
~~1\36, 000 
ee boo 


40 g. FeAl 4 (0.06 per cent Al) 





1 
\Mixture of ferrosilicon and ferromanganese 3_- 





39, 500 








a ° g. C free FeTi? (0.025 per cent Ti)...........__- 








1 Additions were made in the 70-pound ladle. 
2 Chemical composition of alloys: Boron 
D 6.0 
. 24.0 
FeTi—approximately 28 per cent Ti. 

3 Additions equivalent of 0.05 per cent Si and 0.10 per cent Mn in the steel. 

4 FeAl made by melting 10 pounds of aluminum and placing pot on the scales, then adding 10 pounds 
of molten steel, allowed to cool without stirring. 
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Aluminum, boron, and silicon alloys of three different compositions 
ere used, and for comparison the results obtained by adding alumi- 
vm in the ordinary manner and also the results of one series in 
hich metallic beryllium was used as the deoxidizer. It was noted 
hat the bars treated with the aluminum-boron-silicon alloy though 
ound were exceedingly low in their tensile properties while those of 
he beryllium-treated bars were only on a par with the aluminum 
reated ones. 

The effect upon the tensile properties of steel castings produced by 

number of special additions, including boron, a boron-manganese- 
ilicon alloy, a mixture of ferrosilicon and ferromanganese, an alumi- 
bum-Iron alloy and carbon-free ferrotitanium is shown in Table 2. 
the various additions, the mixture of ferrosilicon and ferro man- 
ranese was the only one which appeared to be promising. 

The results obtained with an addition of zirconium (added as ferro- 
iroonium to a 2%-ton ladle) of 0.10 pound per ton of steel were favor- 
ble from the standpoint of porosity, but the ductility of the steels 
vas decreased about the same as with aluminum addition of 1 pound 
per ton. 


3. SURFACE TREATMENT OF GREEN-SAND MOLDS 


As stated at the outset, by the use of dry sand molds in steel-casting 
ork, porosity difficulties are reduced to a minimum. A few experi- 
nents were carried out for the purpose of showing whether or not, by 
uitable mold preparations, the difficulties accompanying the use of 
ren-sand molds could be overcome by eliminating or counteracting 
he effect. of the moisture in such molds. The mold preparations used 
nsisted of various surface treatments. It was noted that the test 
peclmens were porous in a good many cases. 


4. EFFECT OF GREEN-SAND CONTROL 


From the beginning of this investigation it was believed that vari- 
les in oreen-sand practice, especially moisture, were largely respon- 
ible for the difficulties encountered from pinholes i in most steel foun- 
It was thought, however, that sand control would be harder 
(maintain to a high degree than would some suitable deoxidizer 
hich might insure soundness without impairing ductility. The 
aly work on deoxidizers, however, was not especially promising, so 
elect of sand control was considered. 
te stead of using a facing sand containing the usual amount of clay 
der (b entonite), some of this binder was replaced by cereal bonds 
com flour and wheat flour) which varied between 0.2 and 0.6 per 
«ut by volume, while the bentonite varied between 0.4 and 0.8 per 
eit. Molasses water, consisting of one part molasses to three parts 
i water, was used for tempering. 

The tensile properties of test bars from 12 heats showed that little 
ificulty was encountered from porosity or low ductility when the 
hoisture and permeability of the sand was closely controlled and when 
carbon content of the heats varied between 0.18 and 0.25 per cent. 
he six heats from foundry ‘“‘B” had higher ductility after the heat 

atments than those from foundry “A.” Aluminum was added in 
ith cases, but less was added to the heats from foundry “B”’; also 
ls foundry made the additions to the large ladle by the submersion 
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method previously described. This allowed more efficient deoxid 
tion and also more time for the deoxidation products to escape fro; 
the metal which may have been the reason for the increased propertig 


IV. SUMMARY 


1. The tensile properties frequently specified for acid electric sta 
castings, as minimum requirements, are an ultimate tensile strengi 
of 60,000 lbs./in.?, and an elongation in a 2-inch gage length of ? 
per cent, and 35 per cent reduction of area. Test castings made; 
dry-sand molds usually meet these requirements, but castings oftey 
lack soundness. This difficulty is usually overcome by the additigy 
of a deoxidizer, usually aluminum, shortly before pouring, but tly 
test castings not infrequently fail to meet the requirements wit 
respect to ductility. The tensile properties and soundness of te 
castings of acid electric steel made in several steel foundries under; 
variety of conditions have been studied at considerable length as 
basis of an investigation of this problem. 

2. A survey of the field was made by the study of 100 consecutiv 
heats in one foundry and 32 made in another. The tendency towan 
low ductility is related to the carbon content of the steel. This px 
liminary survey indicated that if the carbon content is between (i 
and 0.17 per cent, manganese between 0.60 and 0.70 per cent, an 
silicon between 0.30 and 0.40 per cent, the addition of about 1 pow 
of aluminum per ton of steel to the ladle shortly before pouring wi 
not lower the ductility of the normalized castings below the usu: 
limitation. 

3. Moderate changes in the variables in ordinary acid electn 
steel foundry practice have little effect with respect to low ductilit 
of the steel. The size and character of the scrap used in the charg 
have no appreciable effect. Additions of nickel and of vanadium i 
moderate amounts do not appear to improve the ductility. Heat 
treatment, aside from rather pronounced changes involving quenchin 
and tempering, appeared to have no appreciable effect upon the lov 
ductility. A higher normalizing temperature—for example, 1,100°( 
(2,000° F.) instead of 900° C. (1,650° F.)—appeared_ beneficial 
A rather high casting temperature also appears desirable. 

4. Of the numerous additions used as possible deoxidizers, includ 
ing ferro-alloys of boron, zirconium, silicon, aluminum, and titanium 
none were superior to aluminum. Most deoxidizers used were foun 
to have a marked effect in reducing the ductility of the steel. 

5. The effect upon the ductility of steel when aluminum is adde’ 
is not a linear relationship. The amount of aluminum necessary ( 
insure soundness in green-sand molds without seriously impair 
the ductility may vary for different steel according to the meltim 

ractice, the mold condition, and the state of oxidation of the stee 

t is believed, however, that a sufficient amount of deoxidizer shou! 
be in the steel at the time of pouring to deoxidize the steel from th 
gases evolved by the green sand. Usually about one-half pound of 
aluminum per ton of steel in the form of metallic aluminum or ! 
an alloy of aluminum will give sound castings which, after normalid 
ing, will show ductility somewhat higher than the specified minimu!! 
If aluminum is added during tapping, the castings may be somewhtl 
porous, The addition of at least part of the aluminum immediate} 
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efore pouring is recommended. Although there is no definite proof, 
he inference from this work that inclusions of Al,O; are largely 
esponsible for the low ductility resulting when aluminum is added 
‘the steel shortly before casting would seem to be justified. 

. The results of a few experiments with mold preparations in the 
mm of surface treatments for counteracting the influence of the 
moisture In green-sand molds indicated that this method has merit, 
hut the results were not especially promising. 

7. The situation as regards porosity can generally be improved 
nd the difficulties often overcome by controlling the mold conditions 
s regards moisture and permeability. By this method the mini- 
mum of aluminum or other deoxidizers is required to compensate 
or the gases evolved by the mold. If *the carbon content is about 
20 per cent, it will then be easier to meet the ductility specifica- 
10nS. 
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HE PRECIPITATION AND IGNITION OF MAGNESIUM 
AMMONIUM PHOSPHATE 


By J. I. Hoffman and G., E. F. Lundell 


ABSTRACT 


Conditions that are necessary for the precipitation and ignition of magnesium 
smmonium phosphate, MgNH,PQ,-6H,0O, in determinations of phosphorus or 
»agnesium are described, and the temperatures at which the precipitates should 
e heated to obtain the most reliable results have been determined. In addi- 

observations on the temperatures of platinum crucibles heated over 
Tirrill, Méker, or Fischer burners with the same gas are reported, as well as 
ervations on the losses in weight of platinum crucibles at different temperatures. 
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I. INTRODUCTION 


in 1825 Berzelius ' mentioned magnesium ammonium phosphate, 
MeNH, PO, -6H,O, as a very insoluble substance. Since that time 
he ‘compound has been extensively used in deter minations of mag- 
sium and of phosphorus. In either case the precipitate is usually 

uted and weighed as magnesium pyrophosphate, Meg,P,O,. The 
ist amount of literature indicates that there is some conflict of opinion 
‘oneerning the conditions necessary to obtain a precipitate which, 
en ignited, will yield a compound exactly conforming to the 
De mula, Mg: P. 90>. 





-4, Berzelius, Poggendordi’ s | Annelen; 4, p. 275; 1825, 
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The present investigation was undertaken in order to deterniy 
these conditions by analyzing specially prepared solutions whi 
contained known amounts of phosphorus in the one case and mg 
nesium in the other. Special attention was given to the temperatiy 
at which the precipitates were ignited. The effects of differs 
amounts of ammonium hydroxide and ammonium chloride have bjg 
so completely discussed by Gooch and Austin,? by Epperson? y 
others that they need not be taken up here. Only the simple py 
= which have been found to give accurate results will be ¢j 
cussed. 


II. DETERMINATION OF PHOSPHORUS 


Gooch and Austin used recystallized disodium hydrogen phosphsj 
as the phosphorus standard in their work on the effect of ammonii 
hydroxide and ammonium salts. Epperson found very good agr 


ment between the results for phosphorus obtained by a double pp 
cipitation as magnesium ammonium phosphate and those obtained} 
a method in which the phosphorus was precipitated as silver phy 
phate, the latter being taken as the standard. McCandless and Bu 
ton* recommended the use of microcosmic salt, NaNH,HPO,-4H, 
as a standard. In the present work it was deemed desirable j 
start with pure silver phosphate as a fundamental standard becais 
Baxter and Jones ® have shown that this salt can be easily prepan 
in a perfectly definite and pure state. 


1. PREPARATION OF A STANDARD SOLUTION OF SILVER PHOSPHAI 


The method given by Baxter and Jones for the preparation 
their samples N and O, was employed for the preparation of th 
silver phosphate in the present work.’ The precipitates (com 
sponding to samples N and QO) were transferred to large platinu 
dishes and washed at least twenty times by decantation with «i 
tilled water. The washing was continued over a period of 40 hou 
in order to allow ample time for the leaching of all soluble matte 
After draining the precipitates as much as possible on papers th 
were transferred to tubulated platinum crucibles and _ ignited | 
constant weight at 450° to 500° C. A stream of dry, purified « 





2 F. A. Gooch and Martha Austin, Chem. News, 79, p. 255; 1899. 

8 Alice Whitson Epperson, J. Am. Chem. Soc., 50, p. 321; 1928. 

4J. M. McCandless and J. I. Burton, Ind. Eng. Chem., 16, p. 1267; 1924; 19, p. 406; 1927. 

5G. P. Baxter and G. Jones, J. Am. Chem. Soc., 32, p. 298; 1910. 

6 This method is as follows: 

‘¢4 0.03 normal solution of silver nitrate was slowly poured into a 0.03 normal solution of disodiur 
drogen phosphate with frequent shaking. This reaction may be roughly considered to take place 
stages represented by the equations: 

3AgN 03+2NasH PO«= AgsPO4+NaH2P04+3NaN O03 

3AgNO3+ NaH2PO4= Aga PO, +NaNO3 +2HNOs3 
“« At the beginning of the precipitation the solution is very slightly alkaline, and remains very nearly 
during the addition of the first half of the silver nitrate. The concentration of the silver ion is kept 
low by the excess of phosphate, and therefore little occlusion of the acid salts is to be expected in spit 





fact that the solution contains appreciable concentrations of the monohydrophosphate and dihydropit 


phate ions. The precipitate during this stage is very finely divided and does not settle well, and ther 
no attempt was made to collect it separately. ' : 
‘During the additior? of the second half of the silver nitrate the solution becomes slightly acid a0! 
solubility of the silver phosphate increases rapidly. ‘The precipitate settles readily. During the 
stage the conditions are more favorable for the occlusion of the acid phosphate, but only a small all? 
of silver phosphate is precipitated during this stage. 
“‘ After standing a short time the mother liquor was decanted from the precipitate (sample N), ® 


actly the calculated amount of redistilled ammonia, diluted to 1 liter, was added to neutralize the es“ 
acid and complete the precipitation. Since this sample (sample O) was evidently produced from 4 suis 
which was slightly acid at the beginning of the precipitation, although very nearly neutral at {" 
and since it contained a considerable amount of silver, the conditions were favorable for the formati0t 
acid salts.” 


Por 
beake 
DY ad 
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ys passed over the silver phosphate during the ignition. After 
samples had been cooled in a desiccator over sulphuric acid, 
ortions of each were taken and the silver determined as chloride. 
1e results checked exactly. The two samples of silver phosphate 
ere accordingly combined and used for preparing the standard 
lution, 


\ 
l 


he composite sample (9.5057 g) was dissolved in 100 ml of dilute 
ire acid (15 :85),’ transferred to a weighed liter flask, diluted 
» approximately 1 liter, and again weighed. The weight of the 
Jution was 999.61 g. One gram, therefore, contained 0.009509 g 
‘silver phosphate, which is equivalent to 0.002529 g of magnesium 
vrophosphate. All stoichiometric computations were based on the 
)25 International Atomic Weights. 


m 
+> 


a) TESTS FOR PURITY OF THE REAGENTS AND OF SILVER PHOSPHATE 


Tests for purity of the reagents and of silver phosphate were as 
blows: The silver nitrate showed no chloride when it was dissolved 
nd slightly acidified with nitric acid. In neutral solution no pre- 
ipitate formed, thus showing the absence of arsenic and vanadium. 
he disodium hydrogen phosphate showed no trace of chloride 
hen tested with silver nitrate in dilute nitric acid solution. Tests 
ith hydrogen peroxide in nitric acid solution showed that vanadium 
as absent. A test with potassium thiocyanate in dilute acid 
jlution showed the absence of iron. The absence of a precipitate 
ter the neutral solution had stood for 12 hours indicated freedom 
mm any appreciable amount of aluminum. Saturation with hy- 
Hrogen sulphide in either acid or ammoniacal solution gave neither 
precipitate nor a coloration. The tests of silver nitrate and diso- 
lium hydrogen phosphate were made on 10 g samples. 

The silver phosphate showed no trace of nitrates when tested with 
iphenylamine and no chloride when it was dissolved in dilute nitric 
sid and treated with silver nitrate. The residue insoluble in dilute 
itric acid mentioned by Baxter and Jones was visible, but amounted 
oonly 0.4 mg in a 2.0 g sample. 


2. ANALYSIS OF SILVER PHOSPHATE 
(a) DETERMINATION OF SILVER AS CHLORIDE 


Portions of the solution of silver phosphate were transferred to 
akers by means of weight burettes, and the silver was precipitated 
by adding hydrochloric acid in such excess that the solution contained 
per cent of the acid by volume (1 ml of HCl, specific gravity 1.19, 
' 100 ml of solution). The precipitates were coagulated by digest- 
ng on the steam bath for one-half hour, after which the solution was 
voled and allowed to stand overnight. The precipitates were col- 
ected in perforated platinum crucibles fitted with platinum pads 
Munroe rucibles), washed with dilute hydrochloric acid (1:99), 
ned at 140° C., cooled, and weighed. The filtrates and washings 
towed not the slightest turbidity. The precipitates showed no 
‘clusion of phosphate. In all operations involving the preparation 





T s denotes 15 ml of concentrated nitric acid (specific gravity 1.42) mixed with 85 ml of water. This 
ym of designating dilute acids is used throughout this paper. If no dilution is specified, the concen- 

@ reagent is intended. Ammonium hydroxide (1 : 19) denotes 1 volume of NH,OH (specific gravity 
) mixed with 19 volumes of water, 
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of silver phosphate and the precipitation of silver chloride the gol 
tions and precipitates were carefully protected from light.* 

Table 1 shows the results obtained in the determination of silver; 
the standard solution of silver phosphate. 


TaBLe 1.—Results found in determinations of silver in silver phosphate 


AgCl 





Calculated 
from 
weight of | 
A £3 PO, 


| 
| 
| 


Found 


9 

. 7018 

. 7681 

. 7844 | 3 

. 7648 . 7645 
1, 2352 1. 2352 














(b) DETERMINATION OF PHOSPHORUS BY THE PYROPHOSPHATE METHOD 
(RECOMMENDED PROCEDURE) 

The conditions under which phosphorus must be precipitated } 
magnesia mixture so as to obtain a residue of the correct compositia 
upon ignition have been described by the authors ® and by Epperson! 
The results obtained, however, were not checked against carefill 
prepared standards as is done in the present work. The recom 
mended procedure is as follows: To the neutral or faintly acid soli 
tion of phosphorus as orthophosphate, containing 0.2 g of P,0; 
less, add 5 to 10 ml of hydrochloric acid. Adjust the volume of th 
solution to 125 to 150 ml, and add 10 ml of acid magnesia mixture 
per decigram of P,O;, never less than 10 ml in the first precipitatio 
cool in ice water, and add ammonium hydroxide slowly and wii 
vigorous stirring until the solution is slightly alkaline to litmus. Sti 
for a few minutes or until the precipitate is well formed, and then ad 
5 to 10 ml of ammonium hydroxide. Let stand for at least fo 
hours, preferably overnight, filter, and wash with dilute ammoniu 
hydroxide (1:19). Dissolve the precipitate in 50 ml of warm dilut 
hydrochloric acid (1:9), wash the paper thoroughly with hot dilut 
hydrochloric acid (1:99), dilute the solution to 125 to 150 ml, add 
to 3 ml of acid magnesia mixture, cool in ice water, and again pr 
cipitate the phosphate by the above procedure. Allow to stand { 
4 to 24 hours, filter on a paper of close texture, and wash with dilut 
ammonium hydroxide (1:19). Transfer the precipitate and papert 
a weighed platinum crucible, char the paper without flaming, bu 
off the carbon at a temperature below 900° C.,” and finally ignitet 
constant weight, preferably in a muffle, at 1,050° to’ 1,100° C.” 





8 That this is necessary is shown in an article on The Effect of Light on Silver Chloride in Chem 
Analyses, by G. E. F. Lundell and J. I. Hoffman, B. S. Jour. Research, 4 p. 109; 1930. 

* Ind. Eng. Chem., 15, pp. 44 and 171; 1923; and J. Assoc. Official Agri. Chem., 8, p. 184; 1924. 

10 See footnote 3, p. 280. e 

1! Acid magnesia mixture is prepared as follows: Dissolve 50 g of MzgCl26H2O and 100 g of NIM 
500 m] of water, make slightly ammoniacal, allow to stand overnight, and filter. Acidify the filtraie 
hydrochloric acid, add 5 ml of the acid in excess, and dilute to 1 liter. j 

2K. D. Jacob and D. S. Reynolds, J. Assoc. Official Agri. Chem., 11, p. 128; 1928; have shown ti 
phosphorus is lost if Mg2P207 is ignited with carbon at or above 900° C. ” 

8 If precipitates are not too large (<0.25 g) and have been obtained by the recommended procedul 
satisfactory results can be had by igniting at 1,000° C., but then a somewhat longer period of heatilt 
required. For example, two precipitates of magnesium ammonium phosphate which theoretically s 
have yielded residues weighing 0.2421 g each yielded 0.2420 and 0.2428 g, respectively, on ignition for th 


hours at 1,000° C. However, precipitates of twice this weight did not come to constant weight in five hod 


at the same temperature, 
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Table 2 shows the results of determinations of phosphorus in the 
standard solution of silver phosphate. The procedure just de- 
cibed was followed unless otherwise stated. The silver chloride 
‘hich formed in the acid solution prior to the first precipitation 
issolved when the solution was made ammoniacal, but a little of it 
say have remained. This was entirely eliminated in the second 
jecipitation. 

pte 2.—Results obtained by precipitating phosphorus as MgNH,PO,-6H,0 

and weighing as Mg2P20; 


[Final volume in all precipitations=150 ml] 





| Me:P201 | NHLCl pre- 
| sent! (ex- | NHsOH 
| clusive of | (specific 


ar oacer gravity 
V.= ere . | through 0.90) 

Calculated Found magnesia present 
| mixture) 





g g 9g 

0. 1876 . 1876 3.3 
. 1859 . 185 6.6 
. 1994 . 6.6 
. 3457 3458 | 3.3 
. 0094 ‘ 2 4-H 
. 0047 ‘ 5 | 24 
. 2031 - 20% 2 4-4 
. 1981 . 19 2 4-6 
.2162 | .2161 | 24-6 
. 1868 . 1867 | 24-6 
. 2153 -2158 | 24-6 
. 2029 ‘ 2 4+ 














This represents the ammonium chloride formed by the neutralization of the acid present in the solution. 
between amounts given. 
ilts obtained by applying the method to the filtrates and washings after precipitating the silver as 

hloride (Nos. 3 and 4 in Table 1). 

‘Results obtained by precipitating with molybdate reagent as is customary in rock analysis, dissolving 
¢ precipitate in NH4sOH, acidifying, and then applying the method as written. 

silver was removed as in 4, but only 1 precipitation of magnesium ammonium phosphate was made. 
The results in Table 2 were corrected for the solubility of magnesium 
mmonium phosphate and for the loss in weight of the platinum cru- 
ibles. The ignited precipitates were tested for silver and silica, but 
either was found. No molybdenum was found in Nos. 9 and 10. 
Gooch and Austin '* and Epperson “ have shown that large amounts 
Mf ammonium hydroxide or ammonium chloride are objectionable. 
The quantity of the latter can not always be controlled in the first 
recipation but is easily controlled in the second. The conditions 
utlined in the method can easily be met. In accurate work the 
eond precipitation should be made because results by a single pre- 
ipitation are usually high and can be correct only as a matter of 
hance, and then usually through compensating errors. In applied 
ialyses the precipitation is not attempted until the phosphorus 
its been freed from other substances, such as arsenates or iron, that 
pould also be precipitated. In applied analyses the positive errors 
dtained in single precipitations are usually more pronounced than 
sshown in Nos. 11 and 12 in Table 2." 

Directions which call for precipitations in hot” or neutral (pH 
bout 7)'* solutions are usually recommended as eliminating the 





See footnote 2, p. 280. 
See footnote 3, p. 280. 
ta discussion of single and double precipitations see The Analysis of Phosphate Rock, by G. E. F. 
and J. 1. Hoffman, J. Assoc. Official Agri. Chem., 8, p, 184; 1924. 
_Junner Jérgensen, The Analyst, 51, No. 599, p. 61; 1926. 
olcott Gibbs, Am. J. Sci. (3), 6, p. 114; 1873; and McCandless and Burton, Ind. Eng. Chem., 16, 
“i; 1924; 19, p. 406; 1927, 





284 Bureau of Standards Journal of Research [Vag 


necessity of a second precipitation. These shorter methods sn, 
times take as much of the analyst’s time as is required by a secon 
precipitation, and in the end the results are uncertain. For ¢& 
ample, by the method of Jérgensen (single precipitation) in which thd 
magnesia mixture is added dropwise to a hot ammoniacal solution ¢ 
the phosphate and the solution then allowed to stand for four hoy 
0.0806 and 0.0809 g of magnesium pyrophosphate were obtaine 
from aliquot portions (50.00 ml each) of a solution of phosphor 
acid. By applying the recommended procedure (double precipite. 
tion) described above, which has been shown to give the corre 
result, 0.0799 and 0.0798 g of magnesium pyrophosphate were obtaine 
from similar aliquot portions. By using Jérgensen’s method for t) 
first precipitation and the recommended procedure for the second 
excepting that in the second precipitation the solution was heated ¢ 
boiling before the ammonium hydroxide was added, 0.0798 and 0.0798 
g of magnesium pyrophosphate were obtained. In the last case th 
solution was cooled in ice water after the precipitate had settled, ani 
it was then allowed to stand overnight. 

(1) SoLuBitiry oF MaGNestum AMMONIUM PHOSPHATE IN TH 
DETERMINATION OF PHospHORUS.—In order to determine the soli 
bility of magnesium ammonium phosphate under the conditions ¢ 
operation recommeded, ferric chloride (0.1 g) was added to the con 
bined filtrates and washings from three determinations of pho 
phorus made by the recommended procedure. As each determin 
tion included two precipitations, the phosphorus represents that lost 
in six precipitations. The iron and phosphorus were precipitate 
with a slight excess of ammonium hydroxide, filtered, and the phos 
phorus then determined in a nitric-acid solution of the precipitate by 
adding molybdate reagent, filtering, washing, and titrating wil 
alkah. Phosphorus equivalent to 0.0007 g of Mg2P,O, was found 
This amounts to about 0.0001 g of Mg.P.O, for each precipitatio 
and is significant only in determinations of such small amounts 0 
phosphorus as are found in steels and similar materials. 

(2) Ianrr1ion oF MaGNnesiumM AMMONIUM PHOSPHATE IN THB 
DETERMINATION OF PHOsPHORUS.—In most of the determinations 
of phosphorus that were made the crucibles containing the mois 
papers and precipitates were placed in a cold platinum wound electrg 
muffle furnace. The current was then turned on and the tempera 
ture allowed to rise to 1,050° C. in the course of about two hows 
In most cases ignition at 1,050°.to 1,100° C. for one hour yielde 
residues that did not change in weight on further ignition in the 
same range, and in very few cases was it necessary to ignite for moré 
than two hours at 1,050° to 1,100° C. to obtain constant weight 
The residues were entirely free from carbon. 

The use of temperatures above 1,100° C. is not advisable. W.F 
Hillebrand” recommends a moderate blast giving a temperatur 
less than 1,100°C. During the analysis of a phosphate rock one oi th 
authors (H) obtained results for phosphorus which varied more tha 
could be attributed to the ordinary sources of analytical errors 
Méker, Fischer, and Tirrill burners had been used in the ignition. 
As will be shown below, the variations may have been caused by 
losses in weight of either or both the crucibles or their contents. 





# U.S. Geol. Surv. Bull., No. 700, p. 150. 
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In order to determine the maximum temperatures that could be 
obtained inside of a crucible by the use of these burners thermocouple 
wires were welded to the bottom on the inside of a platinum crucible, 
and the leads up the side of the crucible were insulated by surround- 
ing them with silica tubes. The crucible was covered, and the burn- 
ers were applied so as to give the maximum heat. The particular 
burners and gas tested (Washington, D. C., carbureted water gas) 
save the following temperatures: Tirrill, 1,165° C.; Méker, 1,205° C.; 
Fischer, 1,240° C. The data given in Table 3 show that errors may 
result from prolonged ignition over any of the burners mentioned. 
\ good blast lamp may give temperatures higher than 1,300° C. in a 
covered platinum crucible. A blast lamp should, therefore, never be 
ysed in the ignition of magnesium pyrophosphate unless it is certain 
that the temperature inside of the crucible can not exceed 1,100° C. 

A platinum-wound electric muffle furnace with pyrometer is ideal 
for such ignitions, because the temperature can be controlled, the 
heat is evenly distributed throughout the crucible, and drafts and 
contaminations from gas burners are avoided. In many tests made 
by us none of the residues showed any visible carbon after ignition 
for one hour at 1,050° to 1,100° C. in the electric muffle furnace. 
lenition at the full heat of a Tirrill or Fischer burner for as long as 
ix hours often yields a residue which looks perfectly white on the 
surface and yet contains a black core. If ignitions are prolonged, 
the loss in weight of platinum crucibles must be taken into account. 

The behavior of properly prepared pyrophosphates heated at 
different temperatures and the losses in weight of platinum-iridium 
crucibles are shown in Table 3. All of the temperatures of ignition 
reported in this and subsequent tables were measured with a platinum 
to platinum—10 per cent rhodium thermocouple connected to a high 
resistance millivoltmeter. This pyrometer was calibrated both before 
and after the investigation, the maximum difference between the two 
calibrations being 7° C. The furnace was explored for temperature 
differences, a maximum of 18° C. being found in the space used. The 
thermocouple was placed in an intermediate position. Taking into 
consideration the temperature differences in the furnace and the 
10° C. accuracy certified for the pyrometer, it is believed that the 
temperatures of ignition reported are accurate within +25° C. 
The empty crucible used as a blank was originally made from 
platinum containing 0.7 to 0.8 per cent of iridium. Emf measure- 
ments made by E. Wichers indicate that the composition was essen- 
tially the same at the time the experiments were made. The crucibles 
used in Nos. 2, 3, 4 and the blank were of the same lot, and all had 
been in use for at least 10 years. After dissolving the fused mass in 
the crucible used in No. 1, washing it out with water, igniting, and 
weighing, the crucible showed a loss of 0.0026 g as compared with its 
weight before the ignitions. The fused pyrophosphate, however, 
had attacked the platinum. By precipitating the platinum in the 
hydrochloric-acid solution of the fused mass with hydrogen sulphide 
and igniting the sulphide to metal, 0.0010 g of platinum was re- 
covered. The loss through volatilization, therefore, was 0.0016 g. 
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TABLE 3.—Ignition of Mewar in the determination of phosphorus 


Weight of ignited residues Weight 
of empty 
platinum ay 
crucible pplie 
used as a i 
blank as 


STA 





| Duration and temper- 
| ature of ignition (ig- 
nitions in sequence) 


Remarks 





g g g g g 
Const at, weight at | 0. 0. 0094 | 0. 21! 0.1982 | 27.0911 | Ignited residue looked normaj 
1,050 
1 rn : ¥ 100° C.1.__.) .187 .0094 |} .2 - 1982 | 27.0911 Do. 
1 hour additional at] .187 .0093 | . 215 . 1982 | 27.0910 Do. 
1,100° C. 
1 hour at 1,150° C . 187 . 0092 . 215 . 1979 27. 0909 Do. 
1 hour at 1,200° C -| .1875 | .0089 . 214 . 1976 27. 0907 Do. 
1 hour at 1,250° C . 1873 | .0084 .2 43 . 1974 27.0904 | Ignited residue shrank. 
| 1 hour at 1,300° C.?___.| .1859 | .0069] . - 1953 | 27.0900 | Ignited residue sintered. 
8 | 1 hour at 1,400° C___. .1800 | .0062) . . 1898 | 27.0893 | Ignited residue fused to a glass, 
Theoretic al weight. oO f | . 187 . 0094 f . 1982 
Mg:P207 as calcu- | 
lated from AgsP0O,. 





























1A precipitate, weighing 0.1859 g after ignition to constant weight at 1,050° C., was ignited for 3 hou, 
at 1,100° C. and lost 0.2mg. An empty platinum crucible ignited in the same way lost the same amour; 

2A precipitate, weighing 0.3459 g after ignition to constant weight at 1,050° C., was ignited for 1 how u 
at 1,300° C, and lost 1.9 mg. The control crucible ignited in the same way lost 0.4 mg. 


III. DETERMINATION OF MAGNESIUM 


Gooch and Austin ® have studied the effect of varying the concen. 
trations of ammonium hydroxide and ammonium chloride during 
the precipitation of magnesium ammonium phosphate. They used 
a solution of magnesium nitrate which had been standardized by 
evaporating portions of the solution with sulphuric acid, igniting ats 


dull red heat, and weighing the magnesium as sulphate, MgSO, 
Epperson # used a solution of magnesium chloride which was stan(- 
ardized by evaporating measured portions with a suspension o! 
mercuric oxide and then igniting to oxide. 


1. PREPARATION OF A SOLUTION OF MAGNESIUM CHLORIDE 


A solution of magnesium chloride was prepared by dissolving the 
purest available salt in dilute hydrochloric acid (1:500). The follow- 
ing tests for purity were made: No barium or strontium was found 
when sulphuric acid was added to a slightly acid (0.5 ml of HC! pe 
100 ml) solution of 5 g of the salt. No hydrogen sulphide metals 
were found in 5 g of the salt when hydrogen sulphide was passed into 
either the slightly acid or ammoniacal solution. 

The following test for alkalies was applied: Ignite 2.0 g of the salt 
(MgCl,.6H.O) for one hour at about 600° C. to expel the water and 
most of the chloride, transfer the residue to an agate mortar, and mix 
thoroughly with 0.4 g of resublimed ammonium chloride and 4.0 g 
of calcium carbonate which has been especially prepared for the 
determination of alkalies. Determine alkalies by the usual J 
Lawrence Smith method, but use a saturated solution of calcium hy- 
droxide in w ashing the insoluble residue during the extraction of the 
sintered mass. Blanks on the reagents must be carried through al 


2 F. A. Gooch and Martha Austin, Am. J. Sci., 4th series, ap. 187; 1899; Chem. News, 79, pp. 
244; 1899; Z. anorg. Chem., 20, p. 121; 1899. 

21 See footnote 3, Pp. 280. 

2G. E, F. Lundell and H. B. Knowles, The Analysis of Soda Lime Glass, J. Am. Ceram. Soc., 10,p.° 
1927, 
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eps o. the determination. The average weight of the alkali chlo- 
des obtained in two determinations was 0.2 mg greater than the 
verage Weight obtained in two blanks. 

As a matter of convenience tests for phosphorus and calcium were 
pplied to the magnesium oxide obtained in the determination of 


ragnesium by weighing as the oxide. 
| STANDARDIZATION OF THE SOLUTION OF MAGNESIUM CHLORIDE 


The magnesium in the solution of magnesium chloride was de- 
omined by (a) weighing as the oxide, MgO, (6) weighing as the sul- 
hate, MgSO,, and (c) weighing as the pyrophosphate, MgP.O,. 
he last is the method under observation, and its use is not strictly 
wrmissible as a part of the standardization. It is included here 
because of convenience of comparison. In Tables 4 to 7, inclusive, 
he results obtained by the first two methods are taken as the 
tandard. 


(a) DETERMINATION OF MAGNESIUM BY WEIGHING AS THE OXiDE 


Weighed portions of the solution were evaporated in platinum 
ricibles with a suspension of mercuric oxide and then ignited to 


side and the ignition were repeated until the weight checked the one 
tained after the previous treatment. It is rather difficult to obtain 
mstant weight. This is probably due, at least in part, to the 
clusion of gases by magnesium oxide.” The ignited magnesia 
yas tested for phosphorus by dissolving it in nitric acid and adding 
nolybdate reagent. No phosphorus was found. Addition of silver 
trate to the nitric acid solution of one of the precipitates showed 
that no chloride was left in the ignited oxide. No calcium was 
found when one of the precipitates was dissolved in dilute sulphuric 
eid, and alcohol added so that the ratio of sulphuric acid: water 
teohol was 1:9:90. Addition of barium chloride to the dilute 
hydrochloric acid solution of one of the ignited precipitates revealed 
no sulphate. No mercury was found in the ignited residue. 


(b) DETERMINATION OF MAGNESIUM BY WEIGHING AS THE SULPHATE 


Weighed portions of the solution of magnesium chloride were 
treated in a platinum crucible with 1 ml of sulphuric acid, evaporated 
to dryness in a radiator, and ignited to constant weight in a muffle 
at 700° to 750° C. The treatment with sulphuric acid and the igni- 
tion to constant weight were repeated. The results after the second 
treatment were the same as those after the first and did not change 
when the residues were treated with water, evaporated, and again 
lgnited. 

() DETERMINATION OF MAGNESIUM BY WEIGHING AS THE PYROPHOSPHATE 
(RECOMMENDED PROCEDURE) 

The following procedure is recommended: To the nearly neutral 
‘lution containing 0.10 g or less of magnesia add 5 to 10 ml of hy- 
drochloric acid, and adjust the volume of thesolution to 125 to 150 ml.”4 





“T. W. Richards and E. F. Rogers, Am. Chem. J., 15, p. 567; 1893; state that the oxide of magnesium 
télalns On ignition sufficient occluded nitrogen and oxygen to increase the weight sensibly. 

applied analyses salts may be in such concentration that they separate at this point, or subsequently 

Y he solution is rendered ammoniacal. There is no objection in such analyses to making the first 

D tation in a greater volume (250 to 400 ml); or the solution may be evaporated to dryness, the am- 

Honlum salts expelled by gentle ignition, and the residue dissolved in aeid and water, 
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Cool the solution in ice water, add 10 ml of a freshly prepared solutiy 
of diammonium phosphate (NH,) 2H PO, (25 g of the salt per 100 mj, 
water), then ammonium hydroxide slowly and with stirring nj 
the solution is alkaline to litmus. Stir for a few minutes, then aq 
5 to 10 ml of ammonium hydroxide, and stir for a few minutes mor 
Allow the solution to stand for at least four hours, preferably oye, 
night, then filter on a paper of close texture and wash with dilytg 
ammonium hydroxide (1:19). Dissolve the precipitate in 50 ml » 
warm dilute hydrochloric acid (1:9), wash the paper thorough] 
with hot dilute hydrochloric acid (1:99), dilute the solution 4 
125 to 150 ml, add % to 1 ml of the solution of diammonium phos 
phate, cool in ice water, and again precipitate the magnesiy 
by the above procedure. Allow to stand for 4 to 24 hours, filter o 
a paper of close texture, and wash with dilute ammonium hydroxid 
(1:19) as before. Transfer the precipitate and paper to a weighed 
platinum crucible, char the paper without flaming, burn off the carbor 
at a temperature below 900° C., and finally ignite to constant weight 
preferably in a muffle, at 1,100° C.” In applied analyses the precipi 
tation of magnesium must, of course, follow the separation of othe 
substances that would be precipitated in an ammoniacal solutic 
containing phosphate.” 

The results that were obtained by the three methods (a, 5, and¢ 
are given in Table 4. Because of the fact that there is a possibility 
of occluding gases in ignited magnesia, it is believed that in th 
standardization of the solution the result obtained by ignition a 
sulphate is to be preferred. 


TaBLE 4.—Results obtained in the standardization of a solution of magnesium 
chloride 


(The results are given in terms of the weight of MgO per gram of solution) 





Weight of MgO found by— 





|Precipitating as 
Treating with | Treating with | 7 ety 


HgO and H2SO,and | weighing as 
weighing as weighing as MesP207 

MgO Mg8Os (method ¢ 
above) 








ie i peas ia Ais tn te aig remem an ean - 005385 . 005380 














(1) SotusBILitry oF MaGNEesiIumM AMMONIUM PHOSPHATE IN THE 
DeTERMINATION OF MaGnesium.—lIt is difficult to make a direct 
determination of the solubility of magnesium ammonium phosphate 
under the conditions which obtain in the determination of magnesium, 





% If precipitates are not too large (0.2 g or less) and have been obtained by the recommended procedure, 
satisfactory results can be obtained by igniting at 1,000° C., but then a longer period of heating is usually 
required. For example, the theoretical weight of casey was obtained when precipitates yielding 
residues weighing 0.2055 and 0.1155 g were ignited for five hours at 1,000° C al 

% Moderate amounts of certain elements, such as iron, chromium, titanium, zirconium, or tin need 10 
be removed if ammonium citrate is added, Ind. Eng. Chem., 15, pp. 44 and 171: 1923. Preliminary r 
movals of calcium are usually incomplete, Any calcium that escapes will be precipitated together wit 
magnesium, 


natel: 
By 


precip 


respec 


2691 
Jatin 
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ut by the following indirect method it was shown that it is approxi- 
nately the same as in the case of phosphords: 

By following the recommended procedure, but making five re- 
precipitations, 0.2542 g and 0.2687 g of Mg»P,O, were obtained, 
respectively, as compared with the theoretical values of 0.2545 g and 
2690 g. The results were corrected for the loss in weight of the 
latinum crucibles. Thus, the results obtained by making a total 
of six precipitations were only 0.3 mg lower than the theoretical. 
The tests indicate that the equivalent of no more than 0.0001 g of 
Me,P,0, is lost in each precipitation. While these results can not 
be regarded as conclusive, they are in accord with other experimental 
work by the authors. 

(2) lantrion oF MaaGnesium AMMONIUM PHOSPHATE IN THE 
DETERMINATION OF MaGnestumM.—The same precautions as to slow 
preliminary ignition, charring of paper, etc,, which are necessary 
in the determination of phosphorus also hold in the determination 
of magnesium. The ignited precipitates gradually lose weight if 
they are heated at 1,200° C. or higher. Table 5 shows the results 
obtained in such ignitions. 


TypLe 5.—Ignition of magnesium ammonium phosphate to the pyrophosphate in 
the determination of MgO (double precipitation) 
(The precipitates were obtained by the recommended method (IIJ, 2, c, p. 287)) 





Weights of precipitates ! Weight 

Time and temperature of ; j neha 
ignition (ignitions in | | crucible? Remarks 
sequence) No. 1] No. 2| No. 3 . 5 jused as a 

| blank 








= ez g g 
1 hour at 1,050° C____...../0. 2765 |0. 4058 q 2190 |0. 4016 18. 8651 | Ignited residues looked 
| normal. 

2| 1 hour at 1,100° C_._......] . 2755 | .4053 ; .2186 | .4012 | . 18. 8649 Do. 

3,1 hour additional : - 2752 | .4052 | . 2183 | . 4010 i? 3 | 18. 8648 Do. 

1,100° C. 

..do . 2749 | - 4051 | . 2183 | .4006 |. 18. 8647 
lo . ......| .2748 | .4051 | . 2182 | .4005 |. 5 | 18. 8646 


do .--.---.--...| . 2748 | .4050 | . 2182 | .4003 | . 18. 8645 
OO xccciivddensaccuccuall «ane ) eee | waleed see) 6 18. 8644 
do : ..--| . 2749 | . 40! . 2183 | .4001 | . 18. 8643 
do te oe tare - 408 . 2183 | .4001 | . 18. 8642 
1 hour at 1,150° C_._......| .2749 | (3 . 2183 (8) . 88% 18. 8640 











1 hour at 1,200° C SZ ° . 2181 | . 3997 | .0880 | 18. 8638 b 
12 | 1 hour at 1,250° C ; ive . 2181 | .3993 | . 18. 8636 | Ignited residues shrank. 
13 | 1 hour at 1,300° C_-_- su . 2174 (3) : 18. 8631 | Ignited residues sintered. 
4| Most probable weight of | . . 4046 | .2182 | . 3996 | 
| | 
| | 


from weight of standard j 


solution taken. | 

















‘hese results represent the weights of the precipitates of Mg2P207, corrected for the loss in weight of 
the platinum crucibles. At the end of the ignitions the precipitates were brushed out and the empty cruci- 
bles weighed. The crucible used for precipitate No. 1 lost 0.0018 g, that for No. 3 lost 0.0016 g, and that 
for No. 5 lost 0.0018 g as compared with a loss of 0.0020 g in the case of the empty crucible used as a blank. 
These differences in the losses are insignificant when they are distributed over 13 ignitions. 

‘ This crucible was made of platinum containing about 1.2 per cent ofiridium. The crucibles used in the 
ther experiments in this table were of the same lot and had been in use for 5 years. Emf. measurements 
male by E. Wichers indicate that the present iridium content is about the same as it was originally. 
‘Omitted. 


The first result is that obtained by slowly igniting in a muffle and 
then holding the temperature at 1,050° C. for one hour. The dura- 
and temperature of the subsequent ignitions are those shown in 
the table. 

The data in Table 5 show the following points: (1) Magnesium 
pyrophosphate obtained in the determination of magnesium by the 
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recommended procedure does not lose weight upon prolonged jp, 
tion at 1,100° C. This point is further illustrated in Table 7. (9 

ignitions are prolonged, corrections should be made for the lox 
weight of platinum crucibles.” (3) At about 1,200° C. the resid; 
begins to lose weight. The rate of loss increases with increase | 
temperature. (4) Precipitates yielding 0.3 g or less of pyrophy 
phate are more readily ignited to constant weight than larger one 

An inspection of Table 6 shows that precipitates formed in ; 
presence of a large excess of phosphate require a longer time for jg) 
tion to constant weight at temperatures below 1,100° C. than 
required in the case of those formed in the presence of 0.25 g of dig 
monium phosphate (the maximum prescribed in the recommend 
procedure). The positive error is greatest in the case of large py 
cipitates. The weights of the precipitates are corrected for ¢ 
losses in weight of the platinum crucibles. Excess precipitant ) 
been shown to yield high results in the determination of phosphons 
although there is no particular difficulty in igniting precipitates 
obtained to constant weight. 

These results emphasize the necessity of making two precipitatio 
and of carefully avoiding a large excess of phosphate in the secon 
The addition of one-half to 1 ml (equivalent to 0.12 to 0.25 g of tl 
salt) of the solution of diammonium phosphate in the second px 
cipitation is ample. If two precipitations are not made, there j 
no convenient way of determining this excess. In Table 6 the result 
which were obtained by the use of a large excess of phosphate a 
more accurate than could be expected by a single precipitation i 
applied analyses, for in the latter the solutions may contain an accu 
mulation of salts that give rise to contamination by compounds 
such as MgNaPQ,. 

The determinations on which Table 7 is based were made in orde 
to compare the behavior on ignition of precipitates of magnesiu 
ammonium phosphate obtained in the determination of phosphor 
with those obtained in the determination of magnesium. 

The precipitations were made by the recommended methods de 
scribed above, and the ignitions were made as indicated in the table 
During all ignitions the crucibles were placed in the furnace so that 
they all received essentially the same treatment. Two series 0 
determinations were made. Those in columns 3, 4, 7, and 8 wel 
made about two months after the others. The results are corrected 
for loss in weight of the platinum crucibles. The total loss in weight 
of the platinum crucible used as a blank with Nos. 3 and 4 was 0.0035 
g. The loss in weight of the crucible used as a blank with Nos. 7 and 
was also 0.0035 g. As this represents a total period of ignition 0 
40 hours between 1,050° and 1,200° C., it shows that a loss of a littl 
less than 0.1 mg per hour is to be expected if the ignition is made i 
a muffle furnace.” 





27 Heating in a muffle at 1,100° C. caused an average loss in weight of about 0.1 mg per hour, but it is 004 
safe to use this correction in all cases, because different crucibles may not show the same losses. Ignitii 
over the full heat of 9 Fischer burner (maximum 1,240° C. with the gas used) caused a loss of only 0.3 8 
in 18 hours in the case of an empty crucible used as a control. After this heating the same crucible showel 
a loss of 0.6 mg in 4 hours in the muffle at 1,100° C. The empty crucible used to obtain the data in 140" 
6 when heated for 26 hours at the maxiumm heat of a Fischer burner lost only 0.4 mg, but subsequet! 
heating in a muffle at 1,100° C: caused a loss in weight of 0.4 mg in 4 hours. 

J. Assoc. Official Agri. Chem., 8, p. 184; 1924. <s 

In these experiments platinum-iridium crucibles (about 0.4 per cent of Ir) were used side by side Wi? 
platinum-rhodium crucibles (about 3.5 pez cent of Rh), and the behevior of both with respect to los © 
weight was about the same. In fact, the empty crucibles used as blanks, one of which was made of pial 
num-iridium and the other of platinum-rhodium, showed exactly the same loss in weight. 


n ell precipitations 


{Final volume i 
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TaBLE 7.—Comparative ignitions of precipitates obtained in determination; 
magnesium and of phosphorus by the recommended procedures 


Weight of Mg2P20; obtained in lw eight of MgeP20; obtaj 


: | the determination of magnesium | the determination of pho 
Duration and temperature of 


| ignitions (ignitions in sequence) | 


No.7 








c g 
1 hour at 1,050° C 0. 4854 


oa | 5 . an | le 

1 hour additional at 1,050° C..__| . 258: . 26 . 2548 | .26 . 2895 : . 4847 
a 257 2 a . 4847 
- 4846 
| - 4846 

| 

| 

| 


1 hour at 1,100° C___. 
| 1 hour additional at 1, 100° C 


. 4846 
. 4846 
. 4846 
. 4845 
. 4845 


- 4846 
al suf oan ° ° . 4846 
5 hours additional at 1,100° C__-| .2566 | . 267: - 2546 |. 269% . 2892 | . 288 . 4846 

| 1 hour at 1,200° ---| .2565| .267 . 25 - 26 2890} . . 4843 
5 i hear adiditienal at 1,200° C_.._|  . 256 | .2668 | .% - 26 o . . 4843 








. 4841 
- 4838 


"6 hours additional at 1,200° C 
10 hours additional at 1,200° ¢ 
Most Probable weight 


bo ho QQ to 
b> ax ny 





The data given in Table 7 show that after constant weight 
reached the pyrophosphate residues obtained in the determination 
magnesium and phosphorus behave similarly upon further igniti 
The data also show that constant weight is reached more quickly 
the determination of phosphorus than in the determination of m: 
nesium. However, after constant weight was once obtained t 
results did not change in either case upon prolonged ignition 
1,100° C. There is a very slow but definite loss in weight if t 
residues are ignited at 1,200° C. Residues obtained by gradua 
heating precipitates to 900° C. until the carbon was burned off af 
then heating immediately for periods of one hour at 1,200° 
showed a behavior upon further ignition at 1,200° C. similar to th 
of precipitates which received the prolonged intervening ignition 
1,100° C. shown in Table 7. 

The longer time required for the satisfactory ignition of the p 
cipitate obtained in the determination of magnesium is probably 
result of the formation of a compound containing an excess of phi 
phate, such as Mg(NH,),(PO,).. Upon ignition of this compoul 
magnesium metaphosphate, Mg(POs;)2, is formed which causes t 
result. to be slightly high. Longer ignition or ignition at a hig! 
temperature probably converts this compound to the pyrophosphi 
as follows: 2Mg(PO;).=Mg,P,0,+ P,0;. A large excess of dial 
monium phosphate will cause the formation of more of the compo 
rich in phosphorus and probably accounts for the long pe riod 
ignition required in the case of some of the residues in Table 6. 

Table 7 also shows that if ignition is prolonged at 1,100° C. 
rection must be made for the loss in w eight of the platinum nil 


‘ 
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;; worthy of note that the loss in weight of the crucibles during 24 
ws of heating at 1,200° C. was slightly greater than the net loss in 
ht of the pyrophosphate residues. This means that if the loss in 
icht of the crucibles had been neglected, the total loss in weight 
uid have been attributed to the pyrophosphate residues and would 
ve been more than twice as great as it was actually shown to be. 


IV. SUMMARY 


The conditions necessary for obtaining a final product that has the 
mula Mg»P,O, in determinations of phosphorus or magnesium are 
t forth. "These conditions were tested by applying the “methods as 
itten to carefully prepared standards of reference. 
The solubility of magnesium ammonium phosphate in the pro- 
jure recommended for the determination of phosphorus is equiva- 
nt to approximately 0.0001 g of Mg,P.O, for each precipitation, in- 
wing the attendant washing. There is no evidence that it is greater 
the determination of magnesium. 

The temperature at which magnesium pyrophosphate is ignited 
erves more attention than it has received in the past. Ignition to 
stant weight at 1,100° C. is recommended in accurate work. At 
0° C. constant weight i is obtained slowly, particularly with large 
ddues while at 1,2 00° C. there is a slow but definite loss in weight. 
is more difficult to obtain constant weight in determinations of 
wnesium than in determinations of phosphorus. 

Prolonged ignition in a muffle at temperatures above 1,000° C. 
uses appreciabl e losses in weight of platinum crucibles. It is shown 
it it is necessary to make corrections for these losses. 

The temperatures that can be obtained with three types of burners 
given. 


WasHineton, March 7, 1930. 
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NEW DESIGN OF PRECISION RESISTANCE STANDARD 
By James L. Thomas 


ABSTRACT 


isa result of investigations of the causes of the slight changes in the resistance 
standards of the type developed by Josa, a new type of precision resistance 
ndard has been developed. The coils are wound of bare manganin wire and 
nealed at a red heat in order to remove the winding strains. They are mounted 
louble-walled sealed containers which contain no oil or other cooling liquid. 
goup of new 1 ohm coils, for which data are given, have been remarkably con- 
st in resistance. 


CONTENTS 


I. Introduction 
\ new method of annealing_-_--- 
Data on new standards_ - -__-_ “a 
. One ohm No. 42__---_--- 
. One ohm No. 36 a 
3, One chm No; $8... oon. 255.- a 
. One ohm coil, not numbered _ _- 
5. One ohm No. 46 
}. One ohm No. 
. One ohm No. 
. One ohm No. ¢ 
9. One ohm No. 52 
sussion of data-_-_----- 
1. Material____-_- 
2. Annealing----- 
3. Stability 
Temperature coefficient _-_-_- 
Design of container 


I. INTRODUCTION 


Since 1910 the unit of electrical resistance for this country has been 
tained by 1 ohm standards of the type developed by Rosa and 
eC rtibed by him in a bulletin of this bureau. A number of these 1 
m standards are kept under observation, and it is assumed that 
e average resistance of the 10 best standards in this group remains 
nstant. The individual standards of this reference group of 10 
id fom show changes greater than 3 or 4 parts in 1,000,000 per year 
i respect to the average. If an unusually large change is shown 
Fone of the standards, it is discarded from the group of 10 and 
viaceed by one which has shown a satisfactory performance in the 
receding several years. 
The unit of resistance which has been so maintained has probably 
pt changed on the average by more than 1 part in 1,000,000 per 
tr since 1910, although there are indications that this average 
rly change may be increasing. Moreover, the increasing accu- 





B.S. Bull., 5, p. 413; 1908, 
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racy with which electrical measurements are being made has map 
seem desirable to still further 1 increase the stability of standards \ 
for this purpose. With this in mind, experiments were begun 
1928 at this bureau to ascertain the causes of the small changes 
the resistance of standards of the sealed type. 

While no complete explanation of the changes in resistance } 
been found, a new design of 1 ohm standard has been developed 
result of these investigations. Several standards of this new 4 
have been under observation for over a year, and their performay 
to date leads to the expectation that they will prove far superior 
those now in use. This increase in stability has apparently resi 
from the removal of the winding strains by annealing the resistar 
coils at a red heat, from the use of a better quality of manganin yj 
and from the use of a new design of sealed container. 


II. A NEW METHOD OF ANNEALING? 


Coils for the standards designed by Rosa were prepared and bak 
according to the methods used at the Physikalisch-Technix 
Reichsanstalt and described by Feussner® and Lindeck.! § 
covered manganin wire was wound on silk-covered brass tubj 
impregnated with shellac varnish, and baked for several hours in 
at 140° C., the maximum temperature to which the silk insulaii 
could safely be subjected. This baking reduced the resistance of t 
coils, probably as the result of a partial annealing, and increased t 
stability of their resistance. During the first few weeks after sucht 
annealing, however, there is a rise in resistance of the coils amount 
to 0.01 per cent or more in many cases. For this reason the bak 
coils are generally kept several months before they are used. 

Since baking at 140° C. removed to only a limited extent the strai 
produced in the wire during manufacture and those resulting {r 
winding, it was decided to try a higher temperature in order to anne 
the wire more thoroughly. To do this, several coils of bare manga 
wire were wound on mandrels and properly spaced with bare cop 
wire. They were then placed in a vacuum Arsem furnace and heat 
to a temperature of 500° C. or above. This so thoroughly anneal 
the coils that they held their shapes perfectly upon removal from (j 
mandrels. They were then slipped onto silk-insulated brass tub 
of the same diameter as that of the mandrels, tied down and spacé 
with linen thread, shellacked and baked for an hour at about 80° 
Several temperatures and times of annealing were tried, the be 
results being obtained when the furnace temperature was ral 


slowly to about 550° C., and the furnace then allowed to cool wil 


the power cut off. 


III. DATA ON NEW STANDARDS 


The following tables show the performance of a number of 1-0 
standards w hose coils were annealed at a red heat. They includes 


coils which have so far been annealed by the method which w 


dec ided upon as most t satisfactory. The resistances are expressed 


? After this paper had been written the attention of the author was called to the fact that Bursta 
1896, annealed the coils for a resistance box at red heat by passing a current through them. Phil. M 
a2, fifth series, p. 210; 1896. 

‘ Zeitschr. fiir Instrumentk., 10, p. 6; 1890. 

‘ British Association Report, p. 145; 1892. 
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ms of the “International Ohm” maintained, as explained above, 
ce 1910 at the National Bureau of Standards by means of wire- 
ynd resistance standards. This unit is the so-called Washington 
it’ The values of a and £ listed under the heading of ‘‘tempera- 
re coefficient” are defined by the equation 


R,=Ry{1 +a (t—25)+B(t—25)7] 
vere R, is the resistance at t° C. and R,; is the resistance at 25° C. 
1. ONE OHM NO. 42 


Material—No. 16 AWG (0.051 inch=1.29 mm) manganin wire 
tained from the Driver-Harris Co., Harrison, N. J. Chemical 
lysis of sample taken from same spool: Copper 81.7 per cent, 
anganese 11.8 per cent, nickel 5.1 per cent, iron 1.4 per cent. 
Thermoelectromotive force-—Against copper, in interval 20°-30° C., 
yrmal electromotive force is 1.8 microvolts per ° C. for the unan- 
led wire. 

Annealing —Annealed July 14, 1928, in Arsem furnace for 20 
inutes at about 600° C. 

Resistance.— 





Resistance Resistance 
|} at 25°C. | at 25° C, 


Date 








..-| 0.999928 |] Nov. 30___- , soe 0. 999931 
: . 999932 || Dec. 10___.--- . 999931 

. 999931 || Dec. 2: aca . 999931 

. 999930 

. 999932 | 1929 

[bo 7 SES eneae see 999932 
Sanne Bam. 20...-.~.......- . 999932 
999931 | 
. 999931 || Feb. 27____-- ee . 999932 
. 999930 |} Mar. 16___- | . 999932 
PS ee |} . 999931 

. 999931 || May 8__......._...--- | .999932 
. 999931 | 
. 999931 || July 22..-. en ee . 999933 
. 999931 || Oct. 2.___- | . 999931 








{ 











Temperature coefficient.—For finished coil in the interval 20° to 30° 
o=19.4X10~°, B= —0.22X10~°. For sample of wire from same 
pool, without annealing, a= —0.9 x 10-®, B= —0.42« 10°. 


2. ONE OHM NO. 36 


Material—No. 14 AWG (0.064 inch=1.63 mm) manganin wire, 
btained from the Driver-Harris Co., Harrison, N. J. Chemical 
ialysis of sample taken from same spool: Copper 79.1 per cent, 
langanese 10.2 per cent, nickel 10.3 per cent, iron 0.4 per cent. 
_Thermoelectromotive force—Against copper, in interval 20° to 30° C., 
ermal electromotive force is 4.3 microvolts per ° C. for unannealed 
ire, 

Annealing —Arsem furnace was slowly brought up to about 550° 
. and then allowed to cool with pump in operation. Annealed 
ctober 1, 1928. 

Resistance.— 





‘See Report to the International Committee on Electrical Units and Standards, Jan. 1, 1912, published 
“) CUS Dureau, 
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= 
Resistance | | Resistance 
| at 25°C. | | at 25° Cc, 








. 000038 
. 000038 
. 000038 
. 000039 


. 000039 
. 000037 
. 000038 
- 000038 
. 000038 
. 000038 
. 000038 














Temperature coefficient.—F¥or the completed coil in the intery 
20° to 30° C. a=12.5X10, B= —0.18X10-*. For sample of yi 
taken from same spool and measured without annealing, in the sam 
interval, a=6.7 X10, B= —0.3 X 107°. 


3. ONE OHM NO. 38 


Material.—Same as for No. 36. 
Annealing.—Same as for No. 36. Annealed November 9, 192. 
Resistance.— 


Resistance | Resistance | 


at 25°C. | at 25° C. 





0. 999981 3... | 0. 999978 
. 999981 ae ___---.-] . 999978 
999981 | 

. 999980 

. 999980 at | .999977 


. 999978 


. 999979 ‘ — . 999977 
. 999979 || May 25.- 
. 999979 |] June 1_- 
. 999979 || June 20_- 
Nov. 12 . . 999977 




















Temperature coefficient.—For completed coil in the interval 20° | 
30° C. a=11.6X 107°, B= —0.22 X 107°. 


4. ONE-OHM COIL, NOT NUMBERED 
Material.—Same as for No. 36. 


Annealing.—Same as for No. 36. Annealed December 18, 
Resistance.- 





Resistance | Resistance 


Date at 25° ( 





0. 999509 |] Jan. 28____- 
. — £2. 3S : eee eee 
. 999516 Feb. 27 
Mar. 16 
GRE atid oak ce 
- 999519 |} May 8...........-.-.. 
- 999520 |} June 3_--_-- 
. 999521 
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Toner seat cocffic ient.—For completed coil in the interval 2 
39° C. a= 14.6 X 107°, B= — 0.28 X 10, 

Ri a ‘This coil was damaged when the copper terminal plates 
oye silver soldered to the ends of the coil. After this soldering there 
sa fairly large area where the wire appeared to have been blistered. 
his area was Cleaned with emery cloth and the coil was mounted in 
ner to see What effect the overheating would produce. This probably 
ounts for the instablity of the resistance and for the slightly larger 
mperature coefficient. 


5. ONE OHM NO. 46 
Material—-From same spool as No. 36. 
Annealing.—Same as for No. 36. Annealed May 17, 1929. 
Resistance.— 


: Resistance | ve Resistance 
Date at 25° C Date at 25° C 


1929 1929 

Bees 0. 999499 || July 10_- : sop ). 999503 
. 999501 |} July 22. __- . 999503 
. 999502 || Aug. 14______- . 999503 
. 999501 SS) ae | .999503 
. 999502 || Oct. 2..._-__-- . 999502 
- 9000 fi Nov. $.............. } . 999502 
. 999503 | 


| { i 











Ivmperature coefficient——For completed coil in the interval 20° to 
°C., a=10.9X 107°, B= —0.19X 107°. 


6. ONE OHM NO. 47 
Material.—-From same spool as No. 36. 
i aling.—Same as for No. 36. Annealed May 28, 1929. 
Resistance.— 


| oe | Date Resistance 


at at 25° C. 


¢ | 1929 

June 3_-- . 0.999490 || July 10... ; 0. 999490 
June 4.....<- = . 999491 || July 22.-- . . 999490 
June 10_.------ ..| .999490 |} Aug. 6.--- 999490 
June 12-- , ; |} .999490 || Aug. 14._.--- . 999490 
June 19 eee | .990490 || Aug. 28_- = - 990400 
June 25 sia | .999490 || Oct. 2 ‘ 

June 28 | . 999490 Nov. 9-. 





Ti Sy atlare uiilhciatl, —For mained wail in the interval 20° to 
=11.7X10-*, B= —0.15 X 107°. 


7. ONE OHM NO. 48 
Material—From same spool as No. 36. 


\nnealing.—Same as for No. 36. Annealed May 22, 1929. 
Re s istance — 





Resistance ; Resistance 
Date at 25° C. : at 25° C. 


June 10 0.999508 || y2 ‘ ete . 0909511 
| . 999509 ! ‘ea eee 7 - 999512 
SEN Pt tS ck cnacuaewaccd . 999509 
. 999510 
. 999510 
. 999511 
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Temper erature coefficient. —For completed coil in the interval 27°). im 
30° C., «=12.7X 10-*, B= —0.32 x 10. otey 


The v 
8. ONE OHM NO. 49 The 


Material_—From same spool as No. 36. Before annealing this 

was plated with a thin coating of gold. Plated June 11, 1929. 
Anneating.—Same as for No. 36. Annealed June 19, 19 29. 
Re sistanc oo 





} | ° 
| Resistance | ° Resistance 


Date at 25° C. ji . at 25° C, 





June 24_- 0.999490 || Aug. ..| 0.999492 
RO Fn Ee ; | . 999492 
Re : 

July 10 ; 





4¢ 
. 999491 








Temperature coefficient.—For completed coil in the interval 2) 
30° C., a=12.4X10-; B= —0.24X10-°. 


9. ONE OHM No. 52 


Material —No. 14 AWG (0.064 inch=1.63 mm) manganin y V 
obtained from the Driver-Harris Co., Harrison, N.J., in August, | 
Chemical analysis of sample taken from same spool: C opper, 82.9, 

cent; manganese, 12.6 per cent; nickel, 4.1 per cent; iron less th 
0.3 per cent. 

Thermoelectromotive force—Against copper, in the interval 20° 
30° C., thermal electromotive force is 1.2 microvolts per °C. fort 
unannealed wire. 

Annealing.—Same as for coil No. 36. Annealed August 20, 

Resistance.— 


| Resistance ? | Resistance 
at 25° C. . at 25° C 


0. 999528 
. 999527 
. 999527 
. 999528 


Temperature coefficient. —For completed coil in the interval 20° 
30° C., a=6.1X 107°; B=—0.5X10-°. For sample of wire taken fn 
same sonal, without annealing, a= —3.3X10-°; B= —0.5x10" 


IV. DISCUSSION OF DATA 
1. MATERIAL 


These 1-ohm standards were made from three lots of wire whi 
differed greatly in composition. For example, No. 36 had about 
per cent more nickel but 2 per cent less manganese than coil No. : 
in spite of this wide difference in composition, the coils have 
remained very constant in resistance, This seems to indicate 


{ 
h 
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je improvement in stability can be expected as a result of careful 
trol of the composition of the manganin. 

The wire used in making these coils appeared to have been very 

fully handled during fabrication, showing no evidence of surface 
aks. Before winding, the wire was very carefully polished with a 
e grade of emery paper and then cleaned with alcohol, as it is 
t rely possible that the condition of the surface of the wire has 
siderable influence upon the stability. 


re 


2. ANNEALING 


The annealing given coil No. 36 was found most satisfactory 
jen annealed at an appreciably lower temperature the coils would 
pand upon removal from the mandrels, thus showing that the 
mding strains had not been thoroughly removed. When annealed 
ralong time at 550° C., or at a higher temperature, the coils were 
s constant in resistance, suggesting an undue amount of surface 
on. 

js yet, no attempt has been made to ascertain the nature of the 
face action which takes place during the annealing. The atmos- 
we in the furnace is probably carbon monoxide gas at a pressure 
2?or 3 mm of mercury. After annealing in this atmosphere, the 
is are grayish brown in color. Even coil No. 49, which had 
wiously been gold plated, showed considerable discoloring of the 
wface as a result of the annealing. 


3. STABILITY 


It is obvious that these new l-ohm standards have remained 
narkedly constant in resistance, as compared with new coils made 
rording to the usual practice. Some of the standards have shown 
\appreciable change, while the remainder, except for one damaged 

soldering, changed in resistance by 3 or 4 parts in 1,000,000, 
nerally during the first month, with little or no change thereafter. 
is possible that this initial change is due to a slight burning of the 
anganin wire where terminal plates are silver soldered to the ends. 
he standards with which these new ones were compared were meas- 
red every six months in terms of the reference group of 10. At each 
easurement they were found to have changed slightly in resistance, 
nd hence it is possible that the new standards would have appeared 
rl more constant in resistance than appears from the data had 
ey been measured each time in terms of the reference group. 

Since 1-ohm coils annealed at 550° C. proved to be very stable in 
sistance, the same annealing was tried for coils of other values. 
hese, howev er, have not been very satisfactory, especially the coils 

small wire. Ifthe method is to be used, it seems probable that a 
ferent heat treatment will be required for each size of wire. 
in making international comparisons of resistance standards, con- 
erable uncertainty has been introduced by changes that take 
juce during shipment. Some experiments with the effect of temper- 
lure upon the constancy of resistance standards point to heating as 
bossible cause of this change in resistance. Three of the Rosa 
ype of sealed standards were put in an oven and maintained at 35° C. 
ra week, after which the temperature was raised to 45° C. and 
iestandards maintained at that temperature for an additional week. 
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At the end of the two weeks, one standard had decreased in resistgy 
by 9 parts in 1,000,000 while the other two had increased by 5 and 
parts, respectively. Two of the new standards were given the sy 
treatment and showed no change. Three of the new standards wa 
therefore sent to Europe during the summer of 1929 for measurenel 
in the British and German national laboratories. These were x 
in June and received back in November. Measurements be(j 
sending and upon their return gave the same values to the neap 
part in a million. It should be stated, however, that these standgy) 
were carried by hand instead of being shipped by express. For ti 
reason there was no chance of their being subjected to temperaty 
as high as would be possible if carried in the hold of a steams 
However, since they showed no change when kept at a temperaty 
of 45° C. for a week, it is not believed that any temperature encoiy 
tered during shipment would appreciably alter their resistance, 


4. TEMPERATURE COEFFICIENT 


Of the standards for which data are given, seven were made {nj 
the same spool of manganin wire. Except for the rejected coil, th 
spread in the values of @ for these standards is about 2 parts; 
1,000,000, the values being five or six millionths higher than for i 
wire from which the coils were wound. The increase is due primar! 
to the baking, as the resistance of the copper terminal plates is such; 
to raise the temperature coefficient by just about 1 part in 1,000,\i/ 
This latter increase could be avoided by using manganin ternin 
plates. In view of the small spread in the values of a for the cou 
pleted standards, it appears quite feasable to start with wire havi 
the proper negative value of a and obtain completed standards wit 
extremely small temperature coefficients. 


V. DESIGN OF CONTAINER 


A number of the standards made according to Rosa’s design havt 
developed slight leaks around the terminals where they pass throw! 
the hard-rubber tops, thus reducing the advantage obtained \j 
sealing the standards. When opened, the oil in these containers wa 
found to be acid, although it is not known whether or not this is du 
to their becoming unsealed. In order to avoid the chance of th 
resistance being affected by anything in the oil, the new standart 
have been mounted in double-walled containers which contain 1 
oil or other cooling liquid. Double-walled containers used at tl 
bureau for a number of years to seal coils for use in bridges havé 
proved quite satisfactory, and they were readily adapted for use 
cases for standards. ; 

The containers are made of two coaxial brass tubes differing ony 
slightly in diameter. These tubes are held apart at each end by metal 
rings, and the space between the tubes is sealed by soldering ti 
rings to the tubes. The inside tube, shown in Figure 1 (a), is 6 cm! 
diameter and a half millimeter thick. One end of this tube is spl 
outward to form a flange of the same diameter as the inside of th 
larger tube, which is 7 cm in diameter and also a half millimeter 
thickness. A short piece of thin brass tubing, which telescopes wit 
the latter is spun inward to form a flange and then soldered into th 
upper end of the 7-cm tube, as shown in Figure 1 (6), The tw 
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lves of the container are then assembled and soldered to form the 
mpleted container shown in Figure 1 (¢). The walls of the con- 
yiner are very thin; and if tinned in advance, the two parts may be 
nidered together without unduly heating the coil, which occupies 
ne closed space between the tubes. 

The success of this type of container is due to the method of sealing 
e leads which was devised by Wenner and described in a paper by 
faidner, Dickinson, Mueller, and Harper.® The leads are brought 
hrough holes drilled through the inner container wall. These holes 
re covered with copper plates, bent to.fit snugly against the container 
all. The coil ends are silver soldered to these plates. At the center 

{ the plates are silver-soldered braided copper lead wires, as shown 

» Figure 2. A layer of silk cloth impregnated with gum shellac is 
aced between the copper plates and the container wall; the shellac 
melted by applying a hot soldering copper to the copper plate and 

hen the plate is pressed down tightly against the container wall, 

overing the holes, with the flexible lead wires passing through. 





 peacdiantal 





| 



































licgurgE 1.—Cross section of container for new type of resistance standards 


fhen the shellac cools and hardens, a tight seal is obtained with 
ood insulation for the leads. 

After the coils have been annealed on a 6-cm mandrel, they are 
ut to the desired length and the copper plates are silver soldered to 
ir ends, care being taken not to heat the wire unnecessarily. The 
dils are then slipped over the silk-covered inner tubes of the con- 
ainers in such a way as not to make any permanent bends in the wire. 
Kiter sealing the leads, the coils are pulled down tightly against the 
ontainer wall, tied, and spaced with linen thread, after which they 
r shellacked and baked at 80° C. Final adjustment of the resist- 
nee is then made by carefully filing in such a way that no filings get 
lown between the turns of the coil. The filed part is then shellacked 
nd allowed to air dry, or is it again baked at 80° C. After final 
djustment, the containers are assembled and soldered, the leads then 
eng soldered to the proper terminals, which are mounted in a hard- 
ubber or bakelite top. A view of the completed standard is shown in 
gure 2. Although no liquid is put in the container the construction 
ssuch as to give very effective cooling, especially when kept in a well- 
ured oil bath. The standards assume the temperature of the bath 
huch more rapidly than do those of the Rosa type. 





‘B.S. Bull., 11, p. 575; 1915. 
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VI. SUMMARY 


1. Precision resistance standards of the type developed by j, 
u ndergo changes in resistance. . 
By annealing the resistance coils at a red heat, the constang 
l eb resistance coils has apparently been greatly increased, the be 
re being obtained from coils annealed at about 550° C. 
. The average change in resistance of l-ohm coils that have ly 
under observation for as much as six months is slightly over 2 pz 








a 


FiaurE 2.—New type of resistance standard 





in 1,000,000. The greatest part of this change generally takes plac 
in the first month. 

4. The data obtained seem to show that the stability is not affect 
by relatively large differences in the composition of the resistane 

migra 

A double-walled sealed container has been designed to be mot 

permanent and afford better protection from surface action than! 
given by those of the Rosa type. 
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— STRUCTURE OF THE SPECTRA OF DOUBLY AND 
TREBLY IONIZED ZIRCONIUM 


By C. C. Kiess and R. J. Lang ' 


ABSTRACT 


The spectra emitted by Zr atoms which are doubly and trebly ionized have 
n observed with the grating and prism spectrographs of the National Bureau 
Standards and with the vacuum grating spectrograph of the University of 
erta. These spectra have been analyzed and the series relationships involved 
them have been established. The terms which have been found to account for 
e spectra are without exception those required by the quantum theory. Zr 
’ is a doublet spectrum which results from the migration of a single electron 
hich, in its unexcited state, occupies a 4; orbit. From a series of S terms an 
nization potential of 33.83 v is derived, corresponding to a value of 274,067 
-\ for the lowest term 42D3. Zr III consists of singlet and triplet systems, 
e terms of which result from the interaction of two electrons occupying 4; 
pits in their unexcited state. Sequences of !D and *D terms have been found 
hich result when one of the electrons occupies an n, orbit, the other remaining 
a4, orbit. These term sequences place the ground term, *F2, at 194,441 em-—', 
ich gives 24.00 v as the ionization potential of Zr++. Among the Zr III 
iltiplets are those representing the transition 4f—4d. These multiplets and 
so those representing intersystem combinations exhibit anomalous intensities. 


CONTENTS 


|. Introduction 

. Experimental procedure_-_- 
i]. The spectrum of trebly ionized zirconium (Zr IV) 
Vy. The spectrum of doubly ionized zirconium (Zr III) 
VY. Comparison with Ti IV and Ti III 

I. Conclusion and acknowledgments 


I. INTRODUCTION 


The spectra emitted by zirconium electrodes in air, when arc or 
ndensed spark discharges pass between them, have been recognized 
semanating from the Zr atom in its neutral and successively ionized 
aces. Lists of wave lengths of these spectra, covering the range 
om 9,300 A in the infra-red to 2,160 A in the ultra-violet, were 
ublished a few years ago by one of us (C. C. K.).?- The successful 
lassification of nearly all the stronger lines of these lists into multiplet 
ructures characteristic of Zr I, Zr Il, Zr III, and Zr IV revealed 
he fact that some of the more prominent features of the spectra of 
oubly and trebly ionized Zr were to be sought for in the Schumann 
gion and beyond. For theoretical reasons, it was obvious that 
hese unknown spectra should contain more lines than were reported 
Bowen and Millikan * and by McDonald, Sutton, and McLay.* 
herefore, we planned a new survey of the ultra-violet portions of 
ie spectrum, the region down to 2,000 A to be observed with the 
Hilger EK, quartz prism spectrograph at the National Bureau of 
tandards, the remainder with the vacuum grating spectrograph at 
be University of Alberta, Edmonton, Canada. 





{the department of physics, University of Alberta, Edmonton, Alberta, Canada. 
Sci. Papers, No. 548, 22, p. 47; 1927. 

Phys. Rev , 28, p. 924; 1926. 

‘rans. Royal Soc, (Canada) (III), 20, p. 313; 1926. 
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II. EXPERIMENTAL PROCEDURE 


The electrodes used in this investigation, for both the Buresy 
Standards and the University of Alberta observations, were cut fy 
the same rod of zirconium metal kindly supplied to us for specty 
graphic analysis by Dr. H. C. Rentschler, of the Westingho, 
Research Laboratory. It is a pleasure to acknowledge here 0 
indebtedness to him for supplying us with this material, which proy, 
to be of high purity, although containing traces of Fe, Ni, Ti, 
Sn, Cb, and Si. 

For the Bureau of Standards observations, the light sources yp 
either arc or spark discharges maintained between the Zr electrode 
The ares were operated on 240 volts d. ¢., at current strengths of 
or 5 amperes. The spark discharges were supplied by a transform 
which stepped-up 110 volts a. c. to 40,000 volts. A condenser j 
0.006 uf capacity was connected in parallel across the high-volty 
terminals of the transformer. Exposures to the spark were usual 
juxtaposed to are exposures, and these in turn to exposures to th 
Fe or Cu ares which furnished the comparison spectra. 

By setting the prism carriage of the E; spectrograph forward} 
em from the original position, it was possible to photograph th 
spectrum down to wave length 1,920 A with the aid of Schumay 
plates. Owing to the lack of reliable standards below 2,000 Ay 
creat accuracy is claimed for the Zr wave lengths measured in thi 
region on the Bureau of Standards spectrograms. Above 2,00: 
however, the standards of reference were chosen from both the ft 
and Cu are spectra, for which the wave lengths determined by Bun 
and Walters ° and by Mitra,° respectively, were used in the reductions 
To Doctor Burns we are indebted for a copy of the new Fe standard 
in advance of publication. 

The University of Alberta observations were made with the vat 
uum spectrograph which has been adequately described elsewhere: 
Two gratings, each of 2 m radius, were used in this spectrograph t 
obtain the Zr spectra. For the region 2,100 to 630 A the gratin 
ruled with 30,000 lines per inch and giving a dispersion of 4.5 A pa 
millimeter was employed. The other grating, dispersion 8.5 A pe 
millimeter, was used to photograph the extreme ultra-violet. portio 
between 720 and 280 A. The source, a spark discharge between th 
Zr terminals supplied by a large X-ray coil, with suitable capacity 
and an external spark gap in parallel, was operated both in a vacuum 
and in an atmosphere of hydrogen. The observations in hydrogen 
which extend down to 1,470 A, the limit of transparency of the flu 
orite window which separated the source from the vacuum chambe 
of the spectrograph, served the very excellent purpose of separatili 
the lines according to the degree of ionization of the radiating atom 
Strong lines observed in the hydrogen source but not in the vacuu 
source were due to Zr*. Lines stronger in hydrogen than in vacuul 
were due to Zr**, and those stronger in vacuum than in hydrogel 
were due to the trebly ionized atom. The spectrum as obtained with 
the vacuum spectrograph is shown in Figure 1. 


5 Pub. Allegheny Observatory, 6, p. 159; 1929. 
6 Annales de Physique, 19, p. 315; 1923. 
7J. Opt. Soc. Am., 12, p, 523; 1926. 
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I]. THE SPECTRUM OF TREBLY IONIZED ZIRCONIUM 
(Zr IV) 
1) its normal state the Zr atom has four electrons external to the 
-ypton configuration, two bound in 5, “orbits” and two in 4; ‘ 
” The trebly ionized atom has lost all but one of these elec- 
namely, one of the 4; type, which corresponds to a normal energy 
ate designated by the term *D, When the Zr*** ion absorbs energy 
ho Jone 4, electron is dis- _ 
nized to any one of the un- 2s 2p 2D i i 
pied orbits in the N, O, 1 
| P shells, permitted by 
erules governing the tran- 225000 
‘tion. The energy states 
suined by the atom in this 
yocess are designated by 
he term symbols 57S, 5°P, 
Fete. From their work 
» the stripped atoms of the 
ond long period, Bowen 175000 
nd Milliken ® were able to 
isignate for Zr TV not only 
henormal 47D state and the 
ited 5°P and 4°F states 
rhich combine with it, but 
lio the states 5°S and 6’S 
‘hich combine with 5°P. A 125000 
jort-time previously Gibbs 
ind White’ had already de- 
ted the 5S-5P doublet by 
plying the regular doublet 
iw to the l-valence-electron 
ystems of the periods be- 
ming with Rb and Cs. 
To the Zr IV lines thus 
lassified by these earlier in- 
estigators we have been 
ble to add a few more. 
able 1 contains a list of Zr 
l\ lines which have been def- 
intely established to date, 
thewave lengths being those 
cerived from the Bureau of 
iandards and University of ot 
lberta measurements. The 
rms which account for 
these lines are given in Table 2, the relative values beginning with 0 
‘the lowest being entered in the second column. The absolute 
‘rms and the Rydberg denominators given in the third and fourth 
ins result from the series formula 


mS = 16R/{m— 2.1237 — 6.1556 X 1077 (mS)}? 


Sar 
or- 


200000 








150000 





{00000 

















Figure 2.—Term diagram of Zr IV 


’ Phys. Rev. 28, p. 924; 1926. 9 Proc. Nat. Acad. Sci., 12, p. 551; 1926. 
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which has been found to satisfy the terms 5S, 6S, and 7S. We the 
fore find a value 274,067 cm for the ground term 4°D, of Zr IV, wh 
gives an ionization potential of 33.83 volts for Zrt*+. The relatiy 
positions of the Zr IV terms are shown graphically in Figure 2. 
The successful application, by various investigators, of the irp 
ular doublet law to corresponding terms arising from the same os 
tron configuration in iso-electronic systems has not only afforded 





0.000 | | | | 
RbI Sri Yt ZrW 


Fiaure 3.—Values of ¥v/R for the 1 electron systems of the 
second long period 





check on the identity of the terms, but has established the validity: 
the law in the domain of optical spectra. According to this la 
the values of ./»/R for the corresponding terms should increase } 
a constant amount with atomic number. Here »v represents the dis 
tance between any term and its limit and R is the Rydberg numbet 
In Table 3 are given the values of ./y/R for the 4D, 4F, 5S, 5P, an 
5D terms of Rb 1, Sr II, Yt II] and Zr IV. Figure 3 shows thes 
values graphically, whence it is seen that although the curves for th 
terms with total quantum number 5 are sensibly parallel as the la 
requires, yet that for 4D deviates markedly from parallelism with th 
curve for 4F. This effect is already apparent in the similar cw 
based on the data of Russell and Lang for the 4D and 4F terms« 
K I, Ca II, Se III, and Ti IV. 


°Astrophys. J., 66, p. 13; 1927, 
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TaBLeE 1.—Classified lines of Zr IV 





Int. | v Av Term combination 


15 | 43,718.39 | r 5°Si 2-5 Pip 
15 | 46, 204. 28 485.89 | 5381/9 -5*P ays 

4 | 62, 188 | 35] | §&P3/2—5?Ds/2 
30 | 62, 539 486 |? P3/2—-5? Ds,2 
20 64, 674 5? P31 2—-5? Ds/2 


15 68, 048 

5 70, 532 
45 | 81,977 
50 83, 211 
25 | 84, 460 


5? P, /2— 6S, /2 
42 D3 2-5? P 3/2 
42 D3 /2—-5? P3/2 


484 


483 
, 249 








10 | 114, 378 

4 | 116, 864 
30 | 157, 838 
20 | 159, 068 


486 
230 





TABLE 2.—Terms of Zr IV 
| | | 
7dbe 2 
Term type | Relative value | Absolute value — 


ee 
5311 
5369 
7287 
0232 
0431 
412] 
rh iy b- 
7976 
9074 
9077 | 
8275 
| 


2Ds. | 0 

2D. | 1, 250 

BSin | 38, 258 

5Pi 2 81, 976 
84, 462 
146, 650 
147, 001 | 127, 066 
152, 509 | 121, 558 
159, 068 | on | 114, 999 
159, 088 114, 979 
198, 840 | | 75, 227 





mow WU WUO NL 








TABLE 3.—Values of ¥v/R for Rb I, Sr II, Yt III, and Zr IV 


Rb I a | srt | : | 2ZrIv 





0.361 | 0.462! 0.823! 0. 405 .228 | 0.350 | 1. 578 


. 258 . 16% . 261 . 024 
. 298 1. 198 . 268 . 466 
. 289 . 0d8 . 262 | 1. 320 


. 251 . 254 . 505 | 
. 554 . 346 . 900 
. 437 . 332 | .769 
.270| .300| .570 . 265 . 835 . 242 | 1.077 
. 851 .262| .613| .282| . 845 . 207 | 1. 052 





. THE SPECTRUM OF DOUBLY IONIZED ZIRCONIUM 
(Zr III) 


A striking feature of the spark spectrum of zirconium in the region 
tending from 2,900 A to 2,400 A is a group of intense lines which 

not appear at all in the arc. Since many of the strong lines of 
‘ll are readily excited in the arc, it was apparent that these lines 
® characteristic of a spectrum requiring greater excitation energy 
fan does Zr II. It was soon possible to classify many of them as 
fsulting from combinations of high *P, *D, and *F terms with a 
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common *D term. Accordingly, in the list of Zr wave lengij 

published a few years ago, they were appropriately designated « 

belonging to Zr Ill. The tents itive classification of these lines We 

shortly thereafter communicated to Professors Gibbs and Whi: 

of Cornell University, who were able not only to verify them, }y 
also to identify the similar combinations of Cb IV by a pplviog ts 
irregular doublet law to the 2-electron systems of Sr I and 

In their paper they suggest an alternative to the term R, Con 
municated to them, which the analysis of the spectrum here ; 

sented verifies. 

The realization that a richer spectrum exists for Zr III than th 
represented by the lines just described led to the survey of the iy 
ultra-violet with the University of Alberta vacuum spectrograph, 
mentioned above. This survey revealed the strong groups of lin 
in the regions 2,000 to 1,700 A and 870 to 750 A whic! h involve t} 
low and metastable states of Zr**. 

The spectrum of doubly ionized zirconium results from the inte 
action of the two 4, electrons in their normal and excited state 
The terms arising from these electrons when unexcited are ‘S, 
'G, *P, and *F, of which the latter is most stable. When one 
the electrons is removed to an available unoccupied orbit ia t) 
N and O shells, new energy states arise, which, according to theory 
are represented by the terms of Table 4 


TABLE 4.—Theoretical terms of Zr III 





Electron con- 


: Terms 
figuration : 


-4d 








4d 

1 3p 
4d + “y | > J bee 
4d-5 9 ) re ’ 8D, 

] | 

A 


~ 
d-5s 





sp 


4d- 


All the terms of Table 4, except 5d'G and 4f*H°, have bea 
identified for Zr II]. The relative values of these terms are give 
in Table 5. The triplet system terms were established with litt 
or no difficulty, since most of the important multiplets, as sho 
in Table 7, have their full quota of lines. The fixing of the si 
terms presented a more difficult problem, since only two of t 
could be located by means of intersystem combinations. TH 
detection, however, of the triplet multiplets (Table 8) coming {ru 
the 4f electron furnished the key to the problem. For, the sing 
P, D, and F terms, coming from 4f and those from 5p must combilg 
with the 4d singlets to give pairs of lines separaied by the Av’ 
the 4d singlets. With these pairs of lines located, the only remal 
ing pair of strong lines in the far ultra-violet was regarded as com 
from the singlet G° and H° terms. A similar procedure was 
lowed to locate the 5d and 6s singlet terms. The classific atio! 
Zr III lines on the basis of these terms is given in Table 6, in wl 
the term symbols are ® expressed in the notation recently proposed 


3. S., Sci. hae 3 No » 225 P. 57; 1927, 
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standard by Russell, Shenstone, and Turner. The letter b 
ollowing the intensity estimate of a line indicates that it is nebulous 
sually a property of lines originating in the high-energy levels of 
heatom. The letter d indicates that the line is double. 


TaBLe 5.—Terms of Zr III 





Electron 
Av configu- 
ration 


| Electron 
configu- 
| | ration 


Term! Term 
aed type 





i 
97, 462. 0 
97, 430. 7 
97, 918. 2 
97, 912.5 


98, 697. 0 
103, 839. 6 

| 104, 471. 
105, 588. : 

104, 635. 





PLS mo 
or S Oe 


105, 192. 
106, 304. 
107, 631. 5 
107, 309. ¢ 
107, 817. 


NOwon 


53, 646. 








54, O71. 
55, 554. 
56, 074. 
57, 681. 


108, 313. 
127, 320 
126, 531 
| 131, 736 
| 131, 406 


AIO 





55, 613. ¢ 
56, 4365. £ 
57, 346. 
59, 945. 


130, 002 
121, 466 
119, 526 
117, 814 


Soo Or Co 


a 


59, 697. 
60, 356. ¢ 
88, 999 
97, 879 





~ 


| 98, 058 
| 101,443 
| ? 


94, 767. ¢ 

















| ; 
| sD°3 132, 198 
| 








TABLE 6.—Classified lines of Zr III 





| { 

eo | Intensity | Term combinations 
and notes | 
} | 





3,021.21 | 2b | 33, 089. 5AP,-4f°D°, 
2,984.09 | 3b | 33,501.31 | 5d°P,-4f*D°, 
2, 974. 85 2b | 33,605.36 | 5d°P,-4f°D°, 
2,870.95 | 1b | 34,821.48 | 5p*P%-5aS, 
2,869.06 | 7 34, 844.42 | 5s*D,-5p'P°, 


2, 850. 62 | 35, 069. 5pP°,-5BS, 
2, 836. 19 35, 248. 5s*D,—5p'P°, 
2, 827. 90 | 85, 351. | 5p'P°,-5d!8 
2, 775. 26 | 36, 022. 5s*D;-5pF°, 
2, 735. 79 | 36, 541. | 53°D;-5p3F°, 


2, 720. 08 36, 752. 58° D.-5p?F°, 
2, 715. 76 | 36,811.22 | 5s'D.-5p§D°, 
2, 709. 06 | 36,902.25 | 5s*D;-5p®D°, 
2,698.31 | 15 | 87, 049. 26 5s!D.-5p'!D°, 
2,696.50 | 2 | 87,074.13 5p®P°,-5d Ds 











Rev., 38, p. 900; 1929 
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TABLE 6.—Classified lines of Zr I1]—Continued 











eS 


620. 


2, 615. 


2, 
2, 


615. 6 


608. 
607. 


2, 593. 
, 563. 
2, 502. 


2, 
2, 
2 
2, 
2, 


newer 


i 


Nenwnwy 


9 
any 
J 
ae 
9 
-) 
9 
ex J 


‘ 
2, 


2, 
9 
~s 
y 
9 
oe | 


9 
=) 


2, 
9 
-_ 
-_ 
= 
2, 
2, 


494. 
492. 


448. 86 


444. 
438. 


436. 6 


420. 
406. 
405. 
382. 
260. 


250. § 


235. 
227. 
203. 
178. 


139. 86 


129. 


116. 6 
116. 3: 


114. 
104. 


102. 2 


100. 
092. 
086. 


077. 
070. 
070. 
065. 
060. 





Intensity 
and notes 


20 
20 
20 
20 


— _ | ) — 
KXoOnwanw ANNO 
S 


— 


v 


Term combinations 








37, 156. 
37, 214. 
37, 272. 
37, 522. 
37, 555. 


37, 632. 
37, 763. 
37, 812. 
37, 949. 
37, 966. 


38, 036. 
38, 148. 
38, 215. 
38, 220. 
38, 321. 


38, 340. 
38, 543. 
38, 999. 
39, 950. 
40, 084. 


40, 115. 


40, 822. 96 
40, 894. 6 
40, 993. 8 


41, 026. 


41, 299. 
41, 547. 


41, 553. § 


41, 958. 
44, 231. 


44, 411. 
44, 709. 
44, 888. 
45, 366. 
45, 889. 


46, 717. 
46, 952. 
47, 229, 


47, 236. 8: 


47, 287. 


47, 507. 
47, 552. 
47, 597. 
47, 763. 
47, 906. 


48, 111. 
48, 273. 
48, 285. 
48, 396. 
48, 511. 


| 
| 
| 








5s°D,—5p? F°, 
5s°D,—5p’?D°,; 
53° D.—5 pp? F°; 
5s!D.-5p'P°, 
5p®P°,-5dP, 


5s*D,-5p?D°, 
5p* ee _— 5d3 D, 
5s°D;—5p*D°s 
5s'D,-5p'F°s 
5p® P°o-5a? P; 


5s*D,—5p*?D°, 
5s*D;-5 pF °%, 
5p®P°;—5d®P; 
5p®P°,—5d? Py 
5d'So-4/'P° 


5p®P°,-5d°P, 
5s°D.-5p'D°; 
5p* P°,-5d3 P, 
5s!D.-5p°F°s 
5p D°;-5a°Ds 


5p? D°;—5d? Dz 
5s*D.—5p'?P°. 
538° D.-5p®P°; 
5p? D°.—-5d* Dg 
5p? D°.—-5d* Dz 


53s°D,-5p'P° 
58° D)- 5p? P°o 
5s8D,-5pP°, 
53° D,—5p? P° 
{5e'De-Spr 
5p! P°,—5d! P,; 


2 
2 


5p'P°,-5d'D, 
5p! D°.—5d'P; 
5p'D°,-5d'!Dz 
5p? F°;—5d'F3 
5p F°,-5d'F; 


4@P,-5pF°2 
5p F°.-5a°Gs 
40°P,-5 p> F°s 
42 P.-5p? F°; 
4@P;-5p°D°, 


5p®F°,-5aGy 
4d°Py-5p®D°, 
4d P.-5p*D°s 
5p F°;—5d? F, 
5pF°s-5aA Fy 


4BP,—5p?D°>s 
5p!) D°,-5d! F; 
5pF°,-5a Fy 
5p? F°s—5d8 F; 
48 P,-5p? D°; 











Spectra of Doubly and Trebly Ionized Zr 


TABLE 6.—Classified lines of Zr II I—Continued 





ATLA. 


2, 058. 
2, 055. 


2, 043. 6 


2, 036. 
2, 035. 


2, 018. 
2, 008. 
2, 006. 
1, 989. 
1, 975. 


1, 966. 
1, 962. 
1, 946. 
1, 946. 
1, 941. 


1, 940. 
1, 937. 


1, 936. 6¢ 
1, 934. ¢ 


1, 932. 


1, 922. 
1, 914. 
1, 885. 
1, 867. 
1, 864. 


1, 853. 
1, 836. 
1, 831. 
1, 805. 
1, 800. 


1, 798. 
1, 793. 
1, 790. 
1, 783. 
1, 779. 


wii 


, 764. 
, 754. 


, 675. § 


, 675. 


871. 
869. 
868. 
867. 
865. 


864. 
859. 
853. 
841. 


836. 6: 


Intensity 
and notes 


3b 
8b 
1 

4b 
6b 


0 

1b 
12 
15 

8 


20 
10 
10 

4 
40 


40 
15 
15 

2 


“ 


4 


20 


0 
9 


“ 


3 


CO www 
onooo 





et pet 
AnNnNonDm PRE COON 


Term combinations 








48, 561. 
48, 622. 
48, 917. 
49, 081. 
49, 117. 


49, 513. 
49, 780. 
49, 815. 


50, 254 
50, 632 


50, 857 
50, 966 
51, 370 
51, 380 
51, 515 


51, 537 
51, 618 
51, 636 
51, 696 
51, 744 


52, 028 
52, 244 
53, 042 
53, 560 
53, 646 


53, 954 
54, 462 
54, 588 
55, 391 
55, 554 


55, 612 
55, 752 
55, 858 
56, 074 
56, 193 


56, 434 
56, 663 
56, 998 
59, 672 
59, 694 


114, 749 
115, 065 
115, 118 
115, 267 
115, 537 


115, 626 
116, 327 
117, 131 
118, 843 
119, 528 








5p F°;-5d°Gs 
5p F°,-50Gs 
5p F°.-5aF; 
5p F°.-5aG; 
5p F°;-5aGy 


5p? F°;—5d3 F, 
4d! D,-5p! »”’. 
4d'So-5p'P°; 
4d'D.-5p'P°, 
5p F°,-6s*Ds 


4BP,-5pP°; 
5p®D°;-6s*Ds 
4BP,—5p'P°, 
5p? D°.—6s3 D, 
423P.-5pP°, 


4d'G,-5p'F°; 
4BP,-5p Py 
4BP,-5pP° 
5p* D° —6s? D, 
5p F°,—6s8D; 


4BP,-5p?P°, 
5p F°;-6s? Da 
4d! D,- 5p? D°, 
5p! F°;—6s! D, 
4d°F,-5p'P*; 


4d'D,-5p'D°, 
5p'D°,-6s'D, 
4BF.-5p'°F°3 
4BF—5pF°s 
4d F.-5 pF °, 


4BF,-5pD°; 
4BF;-5p?D°s 
4BF,-5pD°s 
4BF,-5pF°s 
4BF 5p F°, 


4BF.—5p* D°, 
4BF3—5 p' D°; 
4BF3-5p? F°, 
4BF3-5p'P°2 
4BF,-5p'P°; 


4BP,-4f°P°, 
4BP,—4fP°, 
4d P,—4f2P°, 
4P,—4f°P°, 
4a Py-4f2 | a 


4BP,-4f°P°, 
4BF,-4fF°, 
ADF ;-4P°F°, 
4@BF; 4f* F°; 
4B F)-4f'F°, 
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TABLE 6.—Classified lines of Zr I1I—Continued 


Intensity | 


AL. A. and notes | 


v Term combinations 
| 
— | 


12 | 120, 783 4B F3-4f°F°, 
3 | 121,113 4BF.-4f°G°, 
3 | 221, a 4BFs-4f°G°, 

20d | 121, 418 4BF,-4fF°, 

121, 516 4B F .-4f°G°s 


121, 921 4BF-4PG°, 
122, 015 4BF,-4f°G°; 
123, 139 4d'D.-4f1D°, 
123, 487 4d'S-4f'P°, 

123, 926 4d'D,-4f1P°, 


127, 468 4d'G.-4f'H°, 
128, 344 4d'Dy—4f,F°, 
128, 872 4d'G.-4f'1G°, 
| 129, 202 4d'G,—4f'F°, 
| 130, 700 4BF 4h D°, 





—_y 
_ 


meh fh fh fed fh 
bo bo Or bo bo 


— 
m= CO bo OO 





oo 


—_ 
or 


130, 833 4BF;—4f°D°, 
| 131, 010 4BF,-4f7D°, 
131, 504 4BF3-4f3D°, 
132, 191 4BF-4f7D°, 
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Inspection of Table 5 will reveal several pairs of terms which may 
be used for calculating series limits. These are shown to better aj, 
vantage in Figure 4 in which terms of the same L value and of lis 
parity are plotted on the same vertical line. Experience has show 
that terms arising from the nd electrons are not satisfactorily repr. 
sented by a simple Rydberg formula, which is theoretically accounte4 
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Figure 4.—Term diagram of Zr III 


for by the strength with which the d electron of least n is bound in! it 
orbit. That terms arising from configurations without s electron 
tend to become more stable with increasing core charge was pointe 

out several years ago by Laporte ' for the heavier atoms of the secot 
long period. More recently Laporte and Lang © have demonstrate 
a similar property for the iso-electronic systems of Ni, Cut, and Za” 


4 J, Opt. Soc. Am., 13, p. 1; 1926. 18 Phys. Rev., 30, p. 378; 1928. 
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To establish the absolute term values of Zr III and to calculate the 
nization potential of Zr** we therefore make use of the sequences 
iD and °D terms coming from the ns electrons. The manner in 
hich the component series approach their limits in Zr IV is illustrated 
the upper portion of Figure 4, which is taken from Hund."* The 
ries of ‘D, terms and those of *D; terms both converge to *D;/. of Zr 
' whereas the series of *D,. and *D, both converge to *D3/2. In 
able 10 we give the values for the series limits of Zr II] as found by 
mple interpolation from Table IIT of Fowler’s Report on Series in 
ine Spectra. The separation of the ground states of Zr III and Zr 
‘proves to be 194,441 cm™', which gives 24.00 v as the potential 
quired to convert the doubly ionized Zr atom into the trebly ionized 
ie TaBLe 10.—Series limits of Zr III 





Limiting term of Zr IV 





Term sequence 
*D3/2 | *Ds/s 


195, 978 194, 728 
195, 195 193, 945 
194, 824 
194, 268 


J®Ds 
™S) 3D, 194, 824 





Sat fesrdted 
| 
| 


3D; 194, 268 
Means | _ 194, 546 | 195,586 | 194, 441 


| 


observed: 1,250 cm7! 
*Ds/s—*Da/s{ 


calculated: 1,040 em! 
I. P.=1,2345 x 194,441 & 10-4= 24.00 v. 











In comparing the corresponding terms of Rb I, Sr II, Yt ITT, and 
rIV by means of the irregular doublet law it was noted above that 
ie increase in value of the term 4*D is anomalous. ‘Therefore it 
comes of interest to see to what extent the law holds for the spectra 
rl, Yt II, and Zr III, of the second long period, in view of the fact 
at Russell and Lang, in the work cited above, have shown its 
iidity for the spectra Ca I, Se II, and Ti III, of the first long period. 
lat we may expect it to hold, at least approximately, for some of the 
ms is evident from the work of Gibbs and White, already referred 
. who were able to detect with its aid the triplet system multiplets 
presenting the electron transition 4d5p—4d5s both for Zr III and 
vIV 

Table 11 presents a comparison of the values of y»/R calculated 
r corresponding terms of neutral Sr, singly ionized Yt, and doubly 
uved Zr. The data for Sr I were taken from the analysis given by 
issell and Saunders.” For Yt II the data were taken from the 
ilysis given by Meggers and Russell.'’ The differences between 
evalues of -/v/R for the terms belonging to the same configuration 
)not run as smoothly as previous comparisons of the kind for other 
omic systems would indicate. The criticism may be raised at once 





‘Linienspektren und periodisches System der Elemente, p. 198; 1927. Julius Springer, Berlin. 
Astrophys. J., 61, p. 38; 1925. 
“5.8, Jour, Research, 2, p, 733; 1929, 





322 Bureau of Standards Journal of Research [re 
that some of the terms may not be correctly identified. The DOs 
bility of this, especially for singlet terms, is recognized. Thus, ; 
difference 0.346 for the term !F° 3 of the 5p configuration appears to 
too high. On this term depends the position of 4d! Gy, whose diffe, 
ence 0.445 also seems too high when compared with the differen 
0.415 given by the well-established *P, and *F, terms of the 4¢ ey 
figuration. But if we compute the hypothetical positions of 4 
and also 4d'D, by assuming the difference 0. 415 to hold for them as ; 
the triplet terms, we get terms which require strong lines in regigy 
of the spectrum where there are none and leav e unc lassified the stroy 
lines which have been accounted for on the basis of the terms j 
Table 5. The term 4d'D, whose difference 0.438 appears too mh 
comparison with the 0. 415 of the ®P and *F terms, is, however, 
established through intersystem combinations. 


TaBLeE 11.—Comparison of Sr I, Yt II, and Zr III 


| ® Electron 


: ie Term 
;configuration 
| 


0. 917 
P; 0. 382 . 008 . 890 
4d.4d 882 
$86 


953 
9 


34.4, 


. 818 
. Sli 
. 796 
. 790 
. 830 

823 


618 
. 602 
- 622 
. 582 
. 608 
- 592 
. 628 
. 613 
. 619 
1So . 620 


4d.5d 











{ *D; . 648 
[\ 1Dz . 648 | 
} 














Among the triplet terms of the bd group the diwunsie betweel 
the yv/R of Yt II and Zr III range from 0.285 to 0.358. The reali 
of the terms is, however, well attested by the multiplets resultin 
from their combination with the triplet terms of the 5p electro 
which give well-established satellite separations. It is not surprisil 
therefore, that the singlet terms of the same configuration eX xh 
the same range in the differences between the ~v/R values. It tht 
seems highly probable that the spectral terms of the heavier atol! 
systems conform only approximately to the irregular doublet law. 





Spectra of Doubly and Trebly Ionized Zr 
V. COMPARISON WITH Ti IV AND Ti III 


The main features of the analysis of Zr IV and Zr III presented 
, this paper closely resemble those found for Ti [IV and Ti Ill by 

ussell and Lang.” But there are some differences between the 
pectra of the two elements deserving remark. The Zr multiplets 

re all of longer wave length than their Ti counterparts, owing to the 
ontraction of the Zr term structure as compared with that of Ti. 
This fact is responsible for bringing into the domain of observation 
he 4f multiplets of Zr III which are missing from Ti III and for 
lacing beyond observation the 5D-4F combination of Zr IV which 
18S been observed for Ti IV. In Zr III the metastable singlet terms 

f the 4d? configuration all lie close together with 'G low est, whereas 

n Ti Ul both 'S and 'G are approximately 6,000 cm7’ above !D. 
i the Zr III terms, ‘D and *D, coming from the 5s electron, the 
inglet term is the lower; in Ti II] the triplet term lies lower. This 
haracteristic of the Zr III terms is, however, confirmed by the 
sualysis of Zr IL (to be presented in a subsequent paper in this 
pamell: Each of them serves as the limit of series of doublet P, 
), and F terms of Zr If obtained by adding 7p electrons to the 4d 5s 
configuration. Two triads coming from 4d 5s 5p have been found 
in Zr I, separated by approximately 10,000 em. In the lower 

triad the component terms are separated by small Av’s, indicating 

ir origin in a singlet term, whereas in the higher triad the Av’s 
are large, which indicates their origin in the triplet term. 

A further point of difference between Zr [JI and_Ti III is in the 
character of the intersystem combinations. In Ti III the observed 
lines of this class are all faint; in Zr III they are strong. According 
0 Kronig’s ° extension of Sommerfeld’s qualitative intensity rule 
those term combinations are most intense for which the change, 
\L,in the quantum numbers of the terms is the same as the change, 
Ak, im the azimuthal quantum number of the series electron. Two 
4 the intersystem multiplets of Zr II] represent combinations which 

hould be weak or missing according to this rule, and combinations 
one ve might expect to occur, and do occur faintly in Ti II], are 
missing ‘from Zr ill. 

This departure from the intensity rule is apparent also among a 
44d multiplets, Table 8. Here the combination *D° > oF 
clearly stronger than the *G° — *F combination, and *P° > *P is 
present with moderate jeiteaiiie, whereas the expected *D° — *P 

multiplet is missing. Unfortunately the corresponding multiplets 
af Ti III are not available for comparison. The tendency to deviate 

om the rule is likewise shown by the Zr IT] multiplets representing 
the transitions 5p — 4d and 5d > 5p, Tables 7 and 9. The strongest 
groups are those for which A L = 0, although the multiplets for 
which AL = +1 are also prominent in the 5p — 4d group but much 
weaker or missing in the 5d — 5p group. The same effect is notice- 
able among the “corresponding Ti III multiplets. The 5p — 5s 

nultiple ts of Zr III, Table 7, show no marked diff erences in intensity, 
Whereas in Ti IIT they conform strictly to the above rule. 


19 > Ln J., 66, p. 13; 1927. 20 Zeit. fiir Physik, 33, p. 261; 1925. 
1187938°—380——-S 
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VI. CONCLUSION AND ACKNOWLEDGMENTS 


The classified lines of Zr IV and Zr III can all be accounted {; 
by means of the terms required theoretically for atomic systems yj 
one and two external electrons. When these lines are stricken fro) 
the lists of observed wave lengths there still remain many, mos! 
faint, of unknown origin. Some may be due to impurities, but it; 
more probable that the majority of these unclassified lines reg, 
from excitation of the outermost electrons of the krypton configuy, 
tion. 
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H. C. Rentschler, of the Westinghouse Research Laboratory, fj 
supplying us with metallic Zr electrodes of high purity, and to Dr 
K. Burns, of the Allegheny Observatory, who placed his standan 
ultra-violet Fe wave lengths at our disposal in advance of publica 
tion. To Bourdon F. Scribner, of the bureau staff, and to D.) 
Laun, formerly of the bureau staff, we are indebted for much assistan 
with the wave-length observations and calculations. Finally, one « 
us (R. J. L.) wishes to acknowledge a grant from the Resear 
Council of Canada which has made possible his cooperation in thi 
investigation. 


WasuHInGTon, April 3, 1930, 





PHASE EQUILIBRIA IN THE SYSTEM Cr.0,-SiO, 
By E. N. Bunting 


ABSTRACT 


A study of the phase equilibria in the system Cr,0;-SiO, has shown that no 
mpc junds exist and that the two oxides are practically immiscible in the solid 
4 liquid states. The melting point of Cr,0; was found to be 2,140°+ 25° C. 
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I. INTRODUCTION 


\|though chrome ores have long been used in the metallurgical 
id ceramic industries, nothing has been reported on the phase 
uilibria existing at high temperatures between Cr,O; and the other 
ides usually associated with it. Chrome refractories '! seldom con- 
in more than 60 per cent of Cr,Q;, since they are made from 
romite (FeO-Cr.O;) ores, which contain, in addition to the FeO 
resent, several per cent of silica, alumina, etc., as impurities. As 
rome refractories are often used in contact with silica in furnace 
nstruction, the simple binary system of Cr,0; and SiO, seemed most 
propriate for an initial investigation. 


II. GENERAL METHOD 


Mixtures of powdered Cr,O3 (99.2 per cent) and SiO, (99.7 per 
it) were prepared in stick form and fused in the oxyhydrogen 
ine. Repeated grindings and fusions were made to obtain homo- 
neous mixtures. Small pieces (10 to 20 mg) of the mixtures were 
iced in the central hole of an Ir-Pt alloy button and heated for an 
pwr or more in an Ajax induction furnace.” 

Te mperatures were measured with a disappearing filament optical 
ometer * sighted on the outer hole in the button. The coil of the 
iuction furnace was mounted on a rotatable platform so that it 
ld be inverted to allow the button to drop out into a quenching 
th of water. Granular thoria was placed under the button to 
ee it from sticking i in the crucible in which the button was heated. 
p this quench instantaneous cooling to room temperature was not 





‘cDowell and Robertson, J. Am. Ceram. Soc., 5, p. 865; 1922. 

ridium-button furnace has been described in a previous paper. This Journal, 4, p. 131; 1930. 
4¢ pyrometer was calibrated before use by the pyrometry section of this bureau. 
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obtained, since the button weighed about 50 gm, but a drop in te, 
perature of several hundred degrees took place rapidly enough ; 
prevent any appreciable shift in the equilibrium attained at ; 
high temperature. 

The melts were removed from the hole in the button by breakiy 
them up with a pointed hardened steel punch. Mixtures contain) 
not more than a few per cent of Cr.O; were sufficiently transparey 
to be examined under the microscope. The opaque mixtures wo, 
examined by the powder method in the X-ray spectrograph.‘ 

In order to obtain a uniform distribution of the Cr.O; in mixtuy 
containing less than 1 per cent of it, a hot-water sclution of ap 
monium silicofluoride and chromium nitrate was treated with exce 
ammonium hydroxide, giving a precipitate of chromium hydrox 
intimately mixed with silicic acid. This precipitate was washe 
dried, and fused in stick form in the oxyhydrogen flame, 


III. RESULTS 


Under the microscope mixtures containing 0.1 per cent or ma 
of Cr,Q; and which had been heated to 2,100° C. for an hour shovwe 
the presence of undissolved Cr,O; in subsiantially the same amou 
as before the heat treatment. The mixture containing 0.1 per cer 
Cr,O; was colored a light bluish green, the color becoming dark greg 
with higher Cr,O; content. There is probably a slight solubility ; 
Cr,O; in SiO,, but not enough to determine or to distinguish th 
eutectic temperature from the melting point of silica. <A very sligh 
but undetected solubility of SiO, in Cr,03; above 2,140° must als 
be assumed. 

X-ray spectrograms of mixtures containing 92, 86, 71, 57, 43, 29 
and 14 per cent by weight of Cr,03, which had been heated for tw 
hours at 1,750° and then quenched, indicated that no compound 
were formed and that the only crystals present were of Cr,Qs. 

All mixtures containing more than about 35 weight per cent 0 
Cr.O; had to be heated to over 2,100° C. before becoming noticeably 
fluid. Quenched mixtures which had been heated in the oxyhydroge 
flame above the melting point of Cr,O; showed the presence of twd 
immiscible liquid phases. 


IV. THE MELTING POINT OF Cr,0; 


The melting point of Cr,0; was determined by direct observatior 
on a small piece of prefused Cr,O;° placed in the Ir-Pt button. Th 
field of view in the pyrometer covered both holes in the button, an 
when a temperature of 2,140° C. was reached the Cr,O0; was seen | 
melt. Duplicate determinations agreed within 5° C., but the meas 
urements are considered to be accurate only to +25° C. Th 
pyrometer was used soon after calibration, but, as an additions 
check, a similar determination was made of the melting point of pur 
Al,0;, which was found to be 2,040° C. This is in good agreemen 
with the value (2,050°) given in the International Critical Tables. 





4 X-ray spectrograms were made by the metallurgical division of this bureau. , 

’ This Cr203 was prepared from C. P. Cr(NOs)3 by precipitating a hot 1 per cent water solution wit 
pure NHs gas. The precipitated Cr(OH)3; was washed, dried, and fused in the oxyhydrogen flamé. 
Analysis by conversion to chromate and titration with KI and thiosulphate gave 99.9 per cent Cn! 
The 99.2 per cent Cr203 melted at 2,125° C, 
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All previous observations ® on the melting point of Cr,0; have 
n'made in carbon resistor electric furnaces in which partial re- 
ition of the Cr,O, may have occurred. Thus, Ruff obtained values 
noing from 1,830° to 2,080° C., depending upon the rate of heating 
d the nature of the gas present in the furnace, and concluded that 
e true melting point could not be determined in a carbon furnace. 
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9.059°) Goecke, Metallurgie, 8, p. 667; 1911. (2,059°) Ruff and Goecke Z. fiir angew. Chem., 24, p. 
1911, (2,080°) Ruff, Z. fiir anorg. Chem., 82, p. 373; 1913. (1,990°) Kanolt, Bur. Std. Bul., 10, p. 295; 
4, 
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METHOD OF MEASURING FRICTIONAL COEFFICIENTS 
OF WALK-WAY MATERIALS 


By R. B. Hunter 


ABSTRACT 


This paper describes apparatus and methods for measuring coefficients of 
‘tion of walk-way surface materials. Conditions of the surface which affect 
frictional coefficients of walk- -way materials are examined, and data illustrat- 
s the precision obtainable by the methods described are given and discussed in 
ir relation to the slipping hazard in walk-ways. 
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I. INTRODUCTION 


Project A-22 of the American Standards Association deals with the 
ee ae of a safety code for walk-way surfaces. The sectional 
hiumittee, which was organized to prepare this code, found the avail- 
ble data on walk-way surfaces and materials to be inadequate for 
he satisfactory formulation of a code, and appealed to the manufac- 
wers for assistance in this connection. In response to this request, 
}ianufacturers’ subcommittee composed of a large group of manu- 
acturers and distributors of walk-way materials was formed, and 
itangements were made in July, 1924, for a research fellow ship at 
ie National Bureau of Standards to conduct an experimental inves- 
gation of the frictional resistances of walk-way surface materials. 


329 





330 Bureau of Standards Journal of Research 


This investigation resulted in the development of an apparatus y, 
process for preparing specimens of walk-way surface materials | 
friction measurements and an apparatus and methods for measyy; 
coefficients of friction. A report of the investigation was submit 
to the manufacturers’ subcommittee in July, 1926. . 

Because of the incompleteness of the research it seemed adyis)} 
for the Bureau of Standards to conduct a further independent inyes 
gation of the problem, which was made by the former research ag 
ciate in 1928 and 1929, 


II. PURPOSE OF THE INVESTIGATION 


The purposes of the original investigation were to develop a sat 
factory method for measuring the frictional resistances of walk-wq 
materials and to obtain data to aid the sectional committee in 
formulation of a walk-ways safety code. The purposes of this pay 
are to describe the apparatus and methods developed in the ear} 
research, to review after the lapse of considerable time the data ay 
the methods originally employed, and to examine these data sj 
their usefulness as a basis of evaluating the effectiveness of variy: 
materials in relation to the walk-ways safety problem. 


III. MATERIALS INVESTIGATED 


In the investigations of 1924-1926, friction measurements uné 
different conditions were made on 148 specimens of walk-way a 
flooring materials. Specimens of most of the materials extensive 
used, as well as many less commonly employed in walk-way or flo 
surfaces, were included in this list. Twenty-four specimens, coveri 
extreme ranges in hardness, smoothness, compressibility, absorptiy 
power, and other characteristics affecting the coefficient of frictio 
were chosen from these for the 1928-1929 investigation. In som 
cases two or more specimens of the same or of allied materials wa 
chosen to afford a closer study of their coefficients of friction. 

Each of the 24 specimens is designated in the tables by a lette 
These materials are roughly grouped according to their origin a 
physical characteristics as follows: Specimens C, D, E, F, G, I, and} 
are smooth-faced natural stone products, such as slate, marble, an 
travertine, with the exception of one specimen of vitrified tile; spe 
mens Q, R, and S are wood, including smooth maple, larch, and yello 
pine flooring; specimens T, W, P, and U are artificial stone product 
some containing hard abrasive in the mixture; specimens A, B, H,: 
and K are smooth-faced somewhat compressible manufactured pr 
ucts, such as rubber, cork carpet, and linoleum; specimens L, M, \ 
O, and V are metal products having ridged or otherwise roughened 
surfaces, some containing embedded hard abrasive and others presel 
ing a clear metal surface. 


IV. METHODS EMPLOYED 


The safety or the slipping hazard offered by any given walk-w 
surface at a given time depends among other factors on the inetd 
between the shoe sole and the walk-way surface at that time. Tb 
coefficient of friction is a direct measure of the resistance to slipplig 
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The coefficient of friction is defined as the ratio of the force, F, 
quired to slide one surface on the other, to the force, Ff’, pressing the 
vo surfaces together, or F/F’. When F’is the force required to start 
e motion, F/F”’ is the static coefficient of friction; and when F is 
e force required to maintain a uniform motion, F/F” is the kinetic 
dynamic coefficient of friction. In general, the static friction is the 
eater. The kinetic friction on some materials increases considerably 
ith the velocity and may be greater than the static friction. 
The law of friction may be stated as follows: The coefficient of 
ction between two given surfaces is a constant which is independent 
“ithin limits) of the area of contact and the force pressing the surfaces 
vether. It is to be understood, however, that this constant applies 
ly to two given surfaces. Another coefficient of friction may be 
hiained with other surfaces of the same materials. 
There are a number of variable conditions which affect the coefficient 
friction between a shoe sole and a walk-way surface—the smooth- 
oss of the shoe sole and the walk-way surface, the dryness of the two 
faces, and the presence of other substances between the two sur- 
wes, as dirt, water, oil, etc. It consequently seemed advisable to 
heasure the coefficients of friction of a variety of walk-way surface 
aterials (1) under a standard or controlled surface condition and 
)under surface conditions simulating as nearly as possible actual 
rvice conditions, as a basis for determining the usefulness of friction 
heasurements under controlled conditions. 
For this purpose coefficients of friction were measured as follows: 
) Between clean, dry, oak-tanned leather soles and clean, dry, worn 
recimens of the walk-way materials; (2) between clean, wet, oak- 
umned leather soles and clean, wet, worn specimens of the walk way 
baterials; (3) between dirty, wet, worn specimens of the walk-way 
haterials and (a) dirty, wet, oak-tanned leather soles and (b) dirty, 
et, rubber soles; and (4) between oily, worn specimens of the walk- 
iy —— and (a) oily, oak-tanned, leather soles and (6) oily 
ber soles. 


V. PREPARATION OF WORN SURFACES 


It became evident from an examination of the surfaces of both new 
nd service-worn specimens that friction measurements on new or 
hwern specimens of walk-way materials would give little indication 
{the relative antislip values of the materials in actual service. Some 
baterials become smoother and some rougher under footwear. Mea- 
rments on the worn surfaces are therefore essential. 

The time required to secure service-worn specimens and the un- 
tainty regarding their definite identification if taken from an old 
lk way render any attempt to obtain service-worn specimens for 
eral tests impractical. An apparatus and process for producing 
velerated wear in the laboratory are therefore essential. 


1. THE WEARING APPARATUS 


The apparatus shown in Figure 1 was constructed after preliminary 
sts with different abrasives and processes. It consists of a motor- 
nven reciprocating arm carrying two square frames into which 
ither-soled, weighted shoes are loosely fitted. By means of a 
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ratchet the shoes are slowly rotated. The reciprocating arm mi; 
34 transits per minute, and the shoes one complete revolution jp; 
transits. The resultant motion is a slide and twist with a gjs 
rocking motion of the shoe on the walk-way surface with each strj 
Dry sand (50 to 100 mesh) is fed slowly through two holes in ¢, 
shoe, 4 inches apart. The rotation tends to keep the sand eye 
distributed and to prevent scoring. It will be observed that y}j 
50 to 100 mesh sand is fed continuously into the machine, the act, 
abrasive between the surfaces has somewhat different propertig 
The sand remains between the wearing surfaces for a time, becoy 
worn and crushed in the process, and mixes with the particles wo 
from the surfaces. The actual abrasive in use at any time js 
mixture of fresh and crushed sand and dust from the sand, leath 
sole, and the walk-way material. Owing to the dust formed, jt 
advisable to have the abrasive machine inclosed in a dust-tig 
compartment with the motor and reducing gear outside. q 


2. WEARING PROCESS 


The wearing process to which the walk-way materials were sij 
jected may be divided into three parts: 

1. All specimens were subjected to periods of wear with the ab 
sive described such that the surfaces were abraded by approximatd 
equal amounts (about one-sixteenth inch in depth). Depending 
the resistance of the materials to abrasion, these periods of we 
varied from 10,000 to 80,000 transits of the shoe. Each specimenw 
rotated through 180° in the middle of the process to insure mo 
uniform wear. 

2. Following part 1, the sand feed was removed and the s 
and dirt wiped from the specimen and the shoe. The specime 
were then subjected uniformly to 1,000 transits of the shoe witha 
any abrasive. Each specimen was again rotated through 180° in th 
middle of the process. 

3. The specimens were then cleaned and finished by hand, 
follows: They were washed under running water, wiping alternate 
with a wet cloth and the beveled edge of a picee of chrome-tanne 
sole leather to remove any embedded sand and encrusted dirt. The 
were then dried, and when thoroughly dry were dressed by rubbi 
first with a piece of No. 1% sandpaper, then with a piece of No. 
sandpaper. About 25 strokes in each of two directions at mel 
angles with the sandpaper held on the open palm of the hand we 
given to each specimen with each kind of sandpaper. Finallj 
immediately before the friction measurement the specimen W 
rubbed in each of two directions with the beveled edge of a piece 
oak-tanned sole leather and wiped with a dry cloth. 

Trial specimens of several walk-way materiais were prepared } 
these processes and compared with service-worn specimens of 
same material by means of friction measurements. Some of the 
friction measurements are given in Table 1. It will be observ 
that when the coefficient of friction of the service-worn and labor 
tory-worn specimens are compared with that of the unworn specill 
the change is usually comparable in amount. This is believed to! 
the criterion by which the suitableness of the process should ! 
judged. These seven materials cover extreme ranges in hardnes 
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FIGURE 1.—Apparatus for preparing worn specimens 


A and B, rubber tubes leading to sand hopper. 
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FIGURE 2.—Friction measuring apparatus 
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ner} 


ughened surface contour, etc. The service-worn specimens were 
epared for the test by washing, wiping with a cloth, and drying. 


sie 1.—Friction measurements on service-worn and laboratory-worn specimens 








Coefficients of friction | Coeflicients of friction 





On un- On labora-| On serv- 
worn tory-worn | ice-worn 


On un- On labora-| On serv- 


|| Material No. | 
worn tory-worn | ice-worn 


terial NO. 


| 
- ‘ ; } - 
specimen specimen specimen || specimen specimen specimen 
| 1] 
| 


0. 24 | 0. 29 | ah ee 
. 55 | “a 35 | 
- 48 | a4 .30 || 7 
45 | - 29 | 27 I 
Po es 








VI. FRICTION MEASUREMENTS 
1, PERFORMANCE REQUIREMENTS OF THE APPARATUS 


Friction-measuring apparatus for walk-way materials should 
nbody the following features: 

|. It should be adapted to measurements on relatively small areas, 
avoid the necessity of preparing large worn surfaces. 

2. The contact area between the surfaces should be comparable 
the contact area between an average shoe sole and a walk way. 

3. The standard load applied to the test sole should approximate 
emean load applied to the shoe sole in walking. 

4, The apparatus should be capable of duplicating measurements 
the friction between unchanging surfaces. 


2. DESCRIPTION OF APPARATUS 


he apparatus shown in Figure 2 is simple in construction and 
auipulation and is believed to meet the peformance requirements 
umerated. It operates on an oblique thrust principle correspond- 
gto the thrust on the shoe in walking and consists of a right-angled 
me carrying a slotted 75-pound weight between two vertical bars 
the frame which serve as guides to the weight. A 10-inch thrust 
mis pivoted at one end near the center of gravity of the weight and 
the other end through the center of area of a 3 by 3 inch shoe. 
ke weight may be raised by means of the windlass, and is supported 
the raised position by the friction of the shoe on ‘the surface under 

By means of a screw and lug the shoe may be drawn forward by 
ull increments, increasing the ‘horizontal component of the force 
til the shoe slips on the surface, letting the weight drop. The lug 
eit in the position at which the slip occurred. The lug carries an 
ex which shows (on a scale graduated in inches) the horizontal 
tance of the shoe from its position when the thrust arm is vertical. 
sscale may be graduated to read in coefficients of friction directly 
desired, 

3. FRICTION TEST VALUES 


The coefficient of friction is derived from the scale reading and the 
tension of the apparatus. The vertical force, F’ and the horizontal 
‘¢ F acting on the shoe in any position are equal, respectively, to 
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the vertical and horizontal components of the thrust transmitted 
the shoe. In this case the coefficient of friction, or the ratio F/P'; 
equal to the tangent of the angle the thrust arm makes with the ver 
cal at the point of slipping. The sine of this angle is one-tenth of th 
scale reading in inches. The tangent of the angle that is, the coe 
cient of friction—may be obtained from a table of natural sines gy 
tangents, or a table giving the coefficient of friction corresponding; 
any scale reading may “be readily constructed. In making 4 
measurements which follow, the reading on the scale graduated; 
0.05-inch divisions was taken to the nearest scale division, and 4 
corresponding natural tangent representing the coefficient of frictiy 
was recorded to the nearest 0 or 5 in the third decimal place. 


4. EFFECT OF SMOOTHNESS OF THE TEST SURFACES 


The data in Table 2 were obtained from specimens freshly dress 
but not rubbed with oak-tanned sole leather as previously descrity 
for the final dressing process. Twelve measurements were made 4 
each specimen without redressing either the walk-way specimen or} 
test sole. It will be observed that when repeated measurements 
the same specimen are thus made there is a continuous and {uit 
regular decrease in the coefficient of friction tending toward a consti 
minimum value. This decrease is evidently due to the smoothi 
of either the surface of the specimen or the surface of the test sole 
both. For this reason a final dressing of the walk-way surface vi 
leather and a standard preparation of the test sole is advised bela 0 
beginning the friction measurements. 


TABLE 2.—Typical values for repeated measurements 


Coefficients of friction 





Measurement No. | 
Leather | Leather | Leather | Leather 
on leather} on C on J on L 





Initial : 0. 380 , 27 0. 480 | 
2 . 355 22 - 425 
3 . 350 2 - 405 
4 ees Sees . 345 : 385 


. 335 - 18 . 375 
. 330 .18 . 365 
. 330 -175 . 365 

325 ° . 360 


- 325 - 165 . 360 
. 320 - 165 . 360 
. 320 - 16 . 360 

320 - 16 . 360 














5. EFFECT OF AREA OF CONTACT AND PRESSURE BETWEEN 
SURFACES 


While the law of friction states that the coefficient of fricti 
between the same two surfaces is independent of the area of so 
and the force pressing the surfaces together, some variation mt 
expected if these factors vary widely, and marked nescence 
abrasion of the materials occurs. The data in Tables 3 and 4 sho 
that errors due to changes in area and load are negligible in compas 
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‘th other unavoidable discrepancies in measuring the coefficient of 
‘ction of walk-way materials. In Table 3 the first three measure- 
ents on each specimen were made with the standard 75-pound 
eight in the apparatus, the second three with the weight increased 
{50 pounds, and the last three with the standard weight. The 
ecimens were dressed for each series by the standard process 
bscribed earlier and the sole for each series by a standard process 
ter described. Each series of nine measurements on the same 
ecimen was made without redressing or removing the specimen or 
oe from the apparatus. In Table 4 the first three measurements 
ere made with a standard 3 by 3 inch (9 square inches) sole, the 
ond three with the same sole reduced to 1.5 by 3 inch (4.5 square 
hes) by cutting a strip from each side, and the last three with the 
again increased to standard size by replacing the strips. The 
le and each specimen were redressed before each series of nine 
easurements asin Table 3. These four specimens were the same as 
ed in Table 2 and represent for walk-way materials extreme ranges 
bardness, compressibility, and roughness of surface. 


TABLE 3.—L ffect of weight 


r 4 a ge a a roe = al sora al 
| Coefficient of friction leather on 
} — | specimen 
Weight | Area of } 
“4 ‘ Pressure 


feasurement No. 
casurer on shoe shoe 


Square 
Pound inches Lbs. /in.? 
75 | 9 . ). 210 | 0. 410 | 0. 170 | 
75 t . . . 390 | . 156 
75 | a . 195 . 385 | . 150 | 
150 | A. oa . 365 
75 . 360 
. 355 
5 
355 
0 


3 
. 355 | 


| 











TaBLeE 4.—E ffect of area of contact 





| | Coefficient of friction leather on 
| specimen- 

| 

! 


| 
| Weight 
|} On shoe | 


Area of “ 
ressure 
shoe ee ee ee ee 


Measurement No. 





| Square 

Pound inches Lbs./in.? | 
75 9 8.3 0. 425 | 7 0. 320 

76 ) 8.3 210 | - 405 | ; . 295 

7 9 8. 3 | . 390 . 155 . 275 

4.5 7 . 19% . 395 | - 155 . 275 

4.5 3.7 19 . 390 | 15 . 275 

4.5 +o : . 385 | . 145 275 

9 3.3 | ‘ 9 . 385 | . 145 . 290 
gy 8.3 | é 3370 | . 145 . 285 
y . : | . 375 . 145 . 280 








apne these data with the data of Table 2, it will be observed 
the decrease in the coefficient of friction with v arying weight or 
‘of sole is almost as regular as with constant weight and constant 
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area of sole, and that if the initial readings in Table 2 are diseay; 
there is a fairly close agreement. The area of contact and the preg 
do have some effect on the coefficient of friction when compress 
and abrasion are factors, but the effect is negligible in compar 
with the variations due to other causes, such as the inability 
reproduce surface conditions. j 


VII. STANDARDIZATION OF SURFACE CONDITIONS 


We have stated that smoothness, cleanness, and dryness are fact) 
that affect the value of the coefficients of friction between two y 
faces, and therefore it is necessary to standardize the test surfaces 
respect to these factors in order to obtain results reproducible | 
another time with any degree of precision. This applies to both « 
faces, the surface of the sole as well as the surface of the specimen, 

Smoothness is a relative term. It is difficult to define exact decor 
of smoothness and to reproduce them for standard tests. Coefficiey 
of friction measured on relatively smooth surfaces will be more ¢ 
sistent than those measured on rougher surfaces. 

The process previously described for preparing specimens for {i 
tion measurements does not exactly reproduce the same degra 
smoothness even in the same walk-way material, but no better meg 
has been discovered or proposed. The smoothness of the test 
‘an be standardized to a greater degree than that of the walk-i 
specimen. The test sole may be dressed by a standard process uj 
it gives a selected standard coefficient of friction between it i 
another surface of the same material as the test sole. 


1. SMOOTHNESS OF TEST SOLES 


The standard adopted for oak-tanned leather soles in these measi 
ments was obtained by dressing the leather sole on a piece of No. 
sandpaper until a comparatively smooth, velvety surface was pi 
sented. Another piece of the leather, about 8 by 10 inches, ¥ 
dressed in the same manner. The test sole was then operated int 
friction-measuring apparatus until an approximately constant val 
of the coefficient of friction, 0.310, between leather and leather v 
obtained. The number of operations in the friction apparatus! 
quired to reach 0.310, the value of the coefficient of friction select 
as indicating standard smoothness, depends on the smoothness 0! | 
initial dressing and apparently to some extent on the temperature @ 
humidity. - | 

The data in Table 5 give the coefficients of friction obtained 
successive operations in typical runs in reducing the test sole 
standard smoothness at different temperatures and relative hum 
ties. In addition to the data for individual runs, the average mill 
readings and the average number of operations in the friction-meas 
ing apparatus required to reach standard smoothness in 10 dressil 
of the sole are given. 
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Coefficients of friction leather on leather obtained in reducing test soles 
to standard smoothness 





Temperature, °F. 


Relative humidity (per cent) 





| 
45 80 | 80 | 


Humidity (in grams per cubic foot) 

















{verage initial reading of 10 series. -__-_-_- 





Average number operations to reach 0.310, 10 | 
series 








Itis interesting to note that in these data the coefficient of friction 

tween leather and leather apparently decrewses with increase in 

solute humidity. This is indicated both by the decrease in the 

ficient of friction in the initial operation and by the decrease in 

number of operations required to reach a value of 0.310, as the 

oe humidity increases. This is exactly opposite to the effect 

humidity on the coefficiénts of friction between leather and most 
k-way materials. 

ned @ lhe process just described was employed in all later measurements 

ole @#cer dry conditions unless otherwise stated, and the test sole was 

iif™psidered to have reached the standard condition of smoothness 

hen the first reading giving a value of 0.310 for the coefficient of 

of leather on leather was reached. While it does not insure 

solute standard of smoothness it is the best method discovered. 


i! 


2. EFFECT OF DIFFERENT LEATHERS 


The data in Table 6 illustrate the variation in the standard sole 
‘may be expected due to the use of different test soles. Sole 4 
Sa acle ‘ar firm piece of oak-tanned sole leather in excellent condi- 
sole 1 was a firm, clear piece of oak-tanned sole leather worn in 
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tests until it showed a slightly hardened spot on one edge; sole 2, 
a firm, clear piece of oak- tanned sole leather which had "heen worn 
tests until it resisted the prescribed velvety finish; and sole 3 wa; 
clear piece of oak-tanned sole leather slightly flanky i in appearay 
and slightly worn in previous tests. These measurements were mn 
at 70+ 2° F. and a relative humidity of 6542 per cent. The w wal 
way specimens had been stored in the laboratory for about two 
after they had been dressed for the previous tests. They were wash 
cleaned, and dried for these measurements, but their surfa 
were not redressed, and for this reason some of the specimens giz 
coefficients of friction higher or lower than obtained on. the gy 
specimen when freshly dressed by the standard process. The sj 
were freshly dressed and brought to standard smoothness for ey) 
test. The measurements were made on each specimen from le(t { 
right as recorded, and only one measurement with each sole was ms 
on the same specimen in order to avoid the smoothing effect of y 
peated measurements. For this reason the values are higher 
the average when a series of several tests are made on the saine spe 
men without redressing the specimen and sole. 


TABLE 6.—Effect of different leathers 








Specimen 











The duplicate measurements made on the same specimen with 1! 
same piece of leather (sole 4) differ from the mean by amounts var 
ing from 0 to about 5 per cent. Of the 27 measurements made wi 
soles 1, 2, and 3 only two measurements show a greater differenc 
and these two were obtained with soles which had been previous 
rejected as standard because of obvious defects. It therefore seetl 
reasonable to assume that if the soles are carefully selected from fin 

clear pieces of leather the differences in the frictional properties 

iit tanned sole leathers are negligible in comparison with the m 
chanical differences in the smoothness of the surface obtainable by 
standard process of dressing. 


3. EFFECT OF HUMIDITY 


The effect of temperature and relative humidity or of absolt 
humidity on the coefficient of friction has been pointed out. 7 
data in Table 7 show the variation in the coefficient of friction wh 
may occur on clean dry walk-way surfaces due to ordinary atm 
pheric changes in temperature and humidity in the interior “of bul 
ings. These measurements were taken in the order of increas 
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spsolute humidity without redressing the walk-way specimen. The 
ole was redressed and brought to the standard value, 0.31 (leather 
n leather) before each measurement. 


sBLE 7.—Variation in coefficients of friction with temperature and humidity 





Temperature (°F.) 














Specimen 


3.1 | 
| 











0. 450 | . 48é . 435 0. 430 
. 345 | - doe ae - 495 
. 315 . 320 . 355 . 505 
. 330 | . 345 375 - 455 

- 225 y . 280 





. 285 
. 290 
. 230 
. 360 

















Of these specimens all except two show a marked increase in the 
coefficients of friction with increase in the absolute humidity. The 
two exceptions—one rubber tile and one wood flooring—show some 
indication of the opposite effect which, however, may be partly due 
to the smoothing effect of repeated measurements. 

The measurements were made from left to right on each specimen 
without redressing it, in order to avoid erratic changes. Table 8 
gives data for 5 specimens, 2 of rubber tile and 3 of wood, in which 
the measurements were made (a) from left to right as before in the 
der of increasing humidity, and (b) from right to left in the order 
{ decreasing humidity, all without redressing the specimen. The 
mean of the two measurements at the same temperature and humidity 
hould at least partially eliminate or average the smoothing effect. 
These rubber specimens were rubbed to a smoother finish than for 
the previous measurements of Table 7 and for that reason the coefli- 
cients of friction in Table 8 are generally lower. 


118793°—30-——9 
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TABLE 8.—Effect of temperature and humidity 











Temperature (°F.) 















































. 340 | 








- 305 
. 280 





292 





Judging from the data in Tables 7 and 8 there is no regular incre: 
or decrease in the coefficients of friction of such materials as rub! 
and wood with increasing humidity. 

There is one marked difference in the data on rubber in Tables 


and 8 which is worthy of note and comment. It will be observedi 


Table 8 there is an abrupt rise in the coefficients of friction at 85° 
and 85 per cent relative humidity, more marked on specimen . Jt] 
on specimen K, which is not shown in the data of Table 7. Thi 
probably due to a softening of the material under those condition 
In fact, specimen J had a sticky feeling when the exceptionally b 
coefficients of friction were obtained. Other measurements made 
specimens of rubber at the same and higher temperatures and hum 
ties gave the same kind of erratic results. 

There is no apparent explanation for this change in friction wil 
change in humidity, and speculation regarding it seems to lead to 
definite conclusion. Similar phenomena are observed in the behav 
of brake bands, belts, and such devices in which the efficiency { 
operation depends on friction. The data show clearly, however, 
necessity of controlling the temperature and humidity within rath 
narrow limits of variation, if reproducible values of the coefficient 
friction are to be obtained. 


4. TEMPERATURE AND HUMIDITY CONTROL 


The data in the preceding Tables 7 and 8 and in Tables 9 9 and 
following were made in a chamber in which the temperature ¥ 
held constant within +2° F. and the relative humidity within = 


er C 
ens 
yr al 
oule 
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or cent of the desired selected conditions. The walk-way speci- 
ens and the test soles were stored under each selected condition 
rat least four hours before the measurements were made. No 
oular change was detected in the coefficients of friction of any 
aterial taken from relatively dry storage and stored for that length 
‘time under standard conditions, and four hours is believed to be 
wficient time in which to attain a fairly constant condition in the 
face layer. 
5. REPRODUCTION OF TEST CONDITIONS 


The data in Table 9 indicate the probable precision in friction 
egsurements attainable by the methods described. These measure- 
nts were made on specimens prepared by the standard process 
eviously described. Each specimen was subjected to part 3 of the 
rocess, hand dressing, immediately before starting each series of 
heasurements. The sole was redressed and brought to the selected 
andard coefficient of friction of 0.31 on leather immediately before 
h series. Five successive measurements were made in each series 
All measurements were 
ade at 70°+2° F. and 65+2 per cent relative humidity after the 
e and specimen had been stored for at least four hours under that 
ndition. The average for each series and the general average of 
ese for each material are given. 
BLE 9.—Friction measurements at 70°+2°F. and relative humidity of 65+2 
per cent 


Coefficients of friction 





| Series 1 | Series 2 | Series 3 | Series 4 


| General 
| average 


| 
Specimen | Reading 


| 





0. 195 0. 195 
. 170 - 170 - 165 
. 165 . 160 - 155 
. 160 . 155 . 150 
. 160 . 155 - 150 





. 167 . 163 . 0. 169 








. 200 
. 165 
- 165 
. 165 
- 165 











. 172 








. 170 
. 135 
- 125 
. 125 
- 125 





. 136 








175 
. 160 
. 155 
- 150 
- 140 | 








. 156 | 
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TABLE 9.—Friction measurements at 70°+2°F. and relative humidity of 65.5 
per cent—Continued i ; 


Coefficient of friction 


Specimen Reading | aes Sir aca — 


Series 1 | Series 2 | Series 3 | Series 4 | “enerd 
Bverate 








A verage_. 











Average_. 














A verage_. 




















No attempt is made to predict from these data what precision ca 
be obtained in standardized commercial friction tests on walk-way 
surface materials. Some indication of the agreement possible | 
given by a comparison of the measurements recorded in Table § 
with measurements made on the same specimens in 1926. (Se 
Table 10.) 

Specimens L and N are omitted from Table 10. The worn sw 
faces of these specimens were slightly coated with an oxidized film x 
1926 which had been removed in redressing them for the 1928 meus 
urements, and for this reason the surfaces are not considered com 
parable. Since only three measurements were made on each of tit 
specimens in 1926, the averages given for the 1928 measurements! 
Table 10 are for the first three measurements in each series. 


TABLE 10.—1926 and 1928 friction measurements 


Average coefficents of friction, 1928 


Grand 
Series 1 | Series 2 | Series 3 | Series 4 | average, 
| | 1928 


Specimen | 
| 
} 





0. 183 | 0. 178 
. 183 | . 181 


. 250 
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While the averages of the 1926 and 1928 measurements are not 
trictly comparable, since there was only one series of three measure- 
ents on each specimen in 1926 and four series of three measurements 
yeh in 1928, they give the only information available as to what 
sreenent may be expected in the results of tests made at different 
mes. Considering that in commercial tests different specimens of 
ach material and different observers will be employed, as close an 
sreement can not be expected, unless the method is further devel- 
ped and standardized. 


VIII. SIMULATED SERVICE CONDITIONS 


There is no direct relation between the coefficients of friction on 
lean, dry surfaces and on the same materials under various actual 
ervice conditions. Few, if any, walk-way materials are dangerously 
lippery when clean and dry, but walk-way surfaces in actual use are 
bot clean in the sense the term has been employed in this paper and 
re subject to ordinary atmospheric changes in humidity. 

It is common experience that combinations of dirt and water or 
ther fluids make some walk-way surfaces slippery. There is no 
vidence that any particular combination of dirt and water produces 
he most slippery surface alike on all walk ways or even on those 
nost easily affected by such conditions. Consequently, there seems 
» be no possibility of selecting a single or even a limited number of 
ctual service conditions which would adequately represent the var- 
us possible conditions on walk-way surfaces and which could be 
lefined and accurately reproduced. 

The only practical procedure seems to be to produce simulated 
ervice conditions by some selected or standard process and to measure 
nd compare the coefficients of friction given by such surfaces. 


. FRICTION MEASUREMENTS UNDER SIMULATED SERVICE CONDI- 
TIONS 


The measurements recorded in Tables 11 to 13, inclusive, were 
btained in 1926. These data are for specimens for which other data 
e given in preceding tables, and were selected as covering extreme 
unges of roughness, hardness, and compressibility and as being fairly 
epresentative of general results obtained for wet and oily surfaces. 
lor the measurements on clean, wet surfaces the worn part of the 
pecimen was wiped with a saturated cloth until a film of water stood 
wer the entire worn surface. The specimen was then clamped in 
ie apparatus and the friction measurement immediately made. 
For the measurements on dirty, wet surfaces the same worn spec- 
ens were used and prepared as follows: A bag formed of four ply 
i cheesecloth was filled with the dust worn from the walk-way mate- 
is and leather in preparing the worn specimens, immersed in a 
essel of water and worked about until a distinct residue formed in 
le bottom of the vessel. The worn part of the specimen and the 
est sole were then treated with the saturated bag lifted from the 
tty water, as described for the clean, wet measurements. 

‘or measurements on oil surfaces the specimens and soles were 
epared in the same manner as for the measurements on clean, wet 
wiaces except that oil (medium Polarine) was used in place of water. 
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For all measurements the test soles were prepared in the say, 
manner as for measurements on dry surfaces up to the point g 
applying the water or oil, as the case might be. Immediately bof, 
the measurement on the specimen the sole was saturated with wat 
or oil and passed over a piece of the same material as the sole, yp 
or oiled in the same manner as the test specimen and the sole. 

The results of the friction measurements indicate that thes 
processes do not produce the same surface conditions, even on th 
same specimens, but no better method has been discovered , 
suggested. 


2. TEST PROCEDURE ON WET AND OILY SURFACES 


It was observed when the coefficients of friction on wet or oi 
surfaces were measured that if the measurement was made 
specified for a dry surface, a much higher value of the coefficient ; 
friction would usually be obtained than on a clean, dry surfac 
This is especially marked on smooth-faced plane surfaces. It; 
less marked on ridged or otherwise roughened surfaces. A simil; 
effect may be observed in walking over some wet surfaces. Frequent! 
difficulty is experienced in obtaining a foothold in walking over a we 
surface, but after firm contact between the shoe sole and the walk-ws 
surface is made there is less tendency to slip than on a dry surface: 
the same material. 

The apparently abnormally high values of coefficients of frictia 
under these conditions may not be due to an actual increase in {ri 
tion. They may be explained on the assumption that perfect contac 
is made and that a seal is formed between the wet or oily surface 
giving the effect of a partial vacuum under the shoe. If this is th 
case, the load produced by the difference in pressure is added to th 
vertical component of the thrust on the shoe, while the horizont 
force remains equal to the horizontal component of the thrus 
The true coefficient of friction would then be given by the rat) 


in which F is the horizontal and F’ the vertical cou 


ponent of the thrust due to the 75-pound weight, A is the area 
contact in square inches, and P is the differential pressure in pound 
per square inch. The apparent coefficient as measured is /'f 
There seems to be no way to avoid or definitely correct the error, § 
there is no means of determining how perfect a seal is formed 
over what area perfect contact is made. However, if some means | 
evaluating A and P, or the product AXP, can be discovered, th 
corrected measurements and those on dry surfaces would have a si 
ilar significance, and they would have a much greater value in 0! 
relating laboratory measurements with actual service conditions thi 
the uncorrected measurements. 

Because of this obvious error, a double measurement was made 0 
all wet and oily surfaces—(a) An attempt to measure the difficult 
of obtaining a foothold, and (6) a measure of the coefficient of frictio 
in the usual manner as on a dry surface. Measurement (a) ¥ 
obtained by raising the weight by increments of about 0.05 0! & 
inch on the horizontal scale and partially releasing it after ea 
increment until a position was reached where the shoe would g° 
the surface of the specimen and hold the weight. The lug was the 
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noved to make contact with the shoe and its position recorded. 
he weight was then fully raised and the measurement (b) taken. 
Tables 11 to 18, inclusive, give data obtained in 1926 by the 
hethods just described. Table 14 is a comparison of results from 
heasurements made in 1926 with measurements made on the same 
peclmens in 1929. 


TABLE 11.—Coefficients of friction on clean, wet surface materials 





Coefficient of friction 





Material oe a 


| Average 





0. 770 
- 452 
. 267 
. 6832 
. 570 


. 737 


. 667 
. 793 
. 832 
. 867 

















TABLE 12.—Coefficients of friction on wet, dirty surfaces 


Csofficient of friction 





Material With leather sole With rubber sole 





| 


| Average | : i | Average 








0, 427 
. 500 
. 327 
. 462 
. 533 
. 587 | 


.375 
497 
. 803 
825 | 











TABLE 13.—Coefficients of friction on oily surfaces 


Coefficients of friction 





Material With leather sole With rubber sole 





| Average 
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TABLE 14.—Coefficients of friction measured at different times on clean wet » 
with leather soles 





Coefficients of friction 


Specimen Measured in 1926 | 
| | 
| 





Average 





0. 365 
.770 
. 228 
. 487 
- 285 
. 598 
. 570 
73d 


. 667 

















IX. DISCUSSION OF FRICTION DATA 


In interpreting the preceding data it is important that the relatiy 
precision of the different measurements and the reasons for the lac 
of precision in particular measurements be understood. 

The data in Tables 2 and 5 indicate that when constant surface 
are presented the apparatus will duplicate measurements to th 
nearest 0.005, which is equivalent to an error of +0.5 per cent for 
coefficient of 0.5 or +2.5 per cent for a coefficient of 0.1. Meas 
ments made on clean, dry surfaces (Table of show departures in 
the original series of measurements ranging for different material 
from 0.5 to 9 per cent of the mean of the averages. Measurement 
on clean, wet surfaces (Table 14) show a wider divergence, rangin 
for different materials from 0.2 to 38 per cent of the mean. 

The measurements on clean, dry surfaces show a reproducibilit 

which would justify the assumption that the coefficient of frict tion « 
a material represents approximately its antislip value when the : 
face is clean and dry. However, it should be noted that some we 
way materials tend to become slippery when the surfaces are ny 
wet or oily and that this tendency bears no relation to the coefficien 
of friction on clean, dry surfaces. For example, specimen J, 8 s0!! 
smoothfaced, nonabsorbent material has a higher coefficient Wi 
the surface is clean and dry than specimen V, a roughened metal 
abrasive embedded in its surface, while measurements on wet 
oily surfaces of these same specimens give values in exact! 
opposite order. Though these data would enable a rough rating 
walk-wayv materials in respect to their antislip values under eac 
the simulated service conditions, their direct application to a sl 
provision for walk-way surfaces seems to be limited, unless the metho 
is further developed and the friction measurements are correit! 
with the slipping hazard of walk ways in actual service. 
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Ba spread in different determinations of the coefficient of friction 

‘the same material, and the possible error in determining the mini- 
jum coe ‘flicient needed for safety from the meager data available are 
po great in comparison with the total range in the coefficients of 
riction of available materials to admit of a strict rating without 
itroducing inconsistencies. 

A rough classification of walk-way materials in respect to their 
afety — under different service conditions could be made from 
fata obtainable by the methods described. This might be accom- 
bis shed by arranging the materials 1 in the order of their coefficients 
mder each of the simulated service conditions, clean and dry, clean 
nd wet, dirty and wet, and oily. It could be safely assumed that 
wo materials having approximately the same coefficients on clean, 
y surfaces will have approximately the same safety values in walk 
vs with elean, dry surfaces. It could also be safely assumed that 
wo materials showing approximately the same coefficients on clean, 
rt surfaces will have approximately the same safety values for 
alk ways with surfaces in that condition, irrespective of what their 
efficients are for clean, dry surfaces, and similarly for other simu- 
ed or assumed service conditions. Some rule of interpretation 
ubodying these principles is essential before any rational rating of 
ralk-way materials in respect to their safety or antislip values under 
ctual service conditions can be made. 


xX. SUMMARY OF CONCLUSIONS 


The apparatus developed for measuring coefficients of friction 
n walk-way surface materials will duplicate or reproduce its measure- 


ent of a given constant coefficient of friction to the nearest 0.005. 
2. The coefficient of friction between two materials is a constant 
nly when the condition of the two surfaces remains constant. 
3. The coefficient of friction between a shoe sole and a walk-way 
rface is a variable depending on the smoothness, cleanness, and 
boisture content of the two surfaces. 
4. The precision with which the coefficient of friction between the 
ime sole and the same walk-way material can be reproduced at 
iilerent times depends on the exactness with which the smoothness, 
4 cles anness, and the dryness can be reproduced, and it varies for 
ferent materials. 

| Cheewotametn differences in frictional properties of walk-way 
jaterial are shown by their coefficients of friction, measured under 
Y, wet, and oily conditions, which indicate the tendencies of the 
iterials to become slippery under various service conditions. 


Wasnineton, March 26, 1929. 
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FARING BRONZES WITH ADDITIONS OF ZINC, PHOS- 
PHORUS, NICKEL, AND ANTIMONY 


By E. M. Staples,’ R. L. Dowdell,? and C. E. Eggenschwiler® 


ABSTRACT 


4 study was made of copper-tin-lead-bearing bronzes with and without addi- 
ons of zine, phosphorus, nickel, and antimony. Tests made included wear 
pistance, resistance to impact, Brinell hardness, and resistance to repeated 
nding at several temperatures. 

In general, the alloys with 4 per cent zine and the alloys with 0.05 per cent 
hosphorus gave superior results in the tests as compared with the alloys with 
ickel and antimony. The alloys with 2 per cent nickel showed decreased wear 
sistance but increased resistance to pounding, and the alloys with 1 per cent 
timony gave low resistance to impact, otherwise these additions were favorable 
om the standpoint of the other tests. 
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I. INTRODUCTION AB 


At the present time there are many specifications for bear 
bronzes of the copper-tin-lead type which differ mainly in the amoyp, 
of other elements contained. The need for most of these specifi 
tions may be questioned, when it is considered that the tin and | 
contents of these alloys are usually within the range of 0 to 1 15 y 
cent and 0 to 30 per cent, respectively. As a large number of bron, 
alloys having different compositions are used under similar conditig 
of service, it appears that there is little agreement as to the prop 
bronze compositions for given service conditions. For exampk 
automotive engineers have diversified opinions as to the most suit ah 
material for wrist-pin bushings. Some spec ify an alloy with a |e 
content not to exceed 1 per cent; others indicate that their shail 
a material of 10 per cent lead, while still others are of the opinion th 
wrist-pin bearings should contain from 15 to 20 per cent lead. 

In some specifications lead and zinc are classed as impurities, wiil 
in others of a similar nature they are listed as essential constituent 
Some of the present specifications for bronze-bearing metals are giv 
in Table 1. ‘ 

In a previous bureau publication * the mechanical properties aii — 
the testing technique used in determining wear were reported 
for the copper-tin-lead alloys used in railroad equipment. The ailog/ — 
contained slight amounts of common impurities. In a later bur reg 
publication * on bronze bearings the alloys were made from comme 
cially pure materials. It is uneconomical for bearing metals to 
made wholly from new or “virgin” metals. The high value of cv 
per, tin, and lead makes the reclamation of unserviceable bear 
desirable. These ‘secondary metals” vary not only in the prope 
tions of copper, tin, and lead, but also in amounts of various othe 
elements, such as zinc, phosphorus, antimony, nickel, iron, etc 


Alloy 


TABLE 1.— Miscellaneous bearing bronze specifications in present use 


A. BRONZES WITH LOW LEAD CONTENTS 





Composition (in per cent) 





Copper | Tin | Lead | Zinc | Phosphorus Nickel 
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4H. J. French, S. J. Rosenberg, W. LeC. Harbaugh, a H. C. Cross, Wear and Mechanical Proper 
of Some Railroad Bearing Bronzes at Different Temperatures, B. S. Jour. Research, 1 (RP13); Sep con: 
ber, 1928; also Proc. Am. Soc. Test. Matls.; 1928. oe 
5H. J. French and E. M. Staples, Bearing Bronzes with and without Zinc, B. S, Jour. Reseat purl 
(RP68); June, 1929; also Proc. Am. Soc. Test. Matls.; 1929. mar 
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T,siz 1.—Miscellaneous bearing bronze specifications in present use—Continued 
A. BRONZES WITH LOW LEAD CONTENTS—Continued 





Composition (in per cent) 





| Copper Tin Lead Zinc Phosphorus} Nickel | 
Alloy le- 
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B. BRONZES WITH D CONTENTS (4 TO 12 PER CENT) 
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1. BRONZES WITH HIGH LEAD CONTENTS (12 TO 30 PER CENT) 
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The subject of impurities is of considerable economic importance 
in the production of bearing bronzes, the cost of bearings to the 
consumer being governed largely by the kind and amount of im- 
purities. It is advantageous, therefore, to both the consumer and 
manufacturer to know the effects of different impurities on the 
properties. This investigation on the effect of various additions on 





352 Bureau of Standards Journal of Research 


the properties of bronzes forms one phase of the general study ,j 
bearing bronzes which has been in progress for over two years 
cooperation with the Bunting Brass & Bronze Co. on the researc 
associate plan.°® 

II. ALLOYS STUDIED 


The program consisted of a study of the effects of various additions 
namely, zinc, phosphorus, nickel, ‘and antimony on the properties ¢ 
copper-tin- -lead alloys, most of the alloys studied being selected fom 
the group in common manufacture. In order to widen the Scope 
the investigation, some alloys, not usually considered as beseil 
metals, were included. 

Five groups of alloys were prepared. In the first group the addi. 
tions were kept as low as was practicable. In the four addition 
groups approximately the same ratios of copper-tin-lead were main. 
tained as in the first group, but each group contained an addition 
metal. These additions consisted of zinc (4 per cent), phosphons 
(0.05 per cent), nickel (2 per cent), and antimony (1 per cent). Thy 
composition of the various test bronzes are given in Table 2, 


TABLE 2.—Chemical compositions of bronzes studied 





Chemical composition (in per cent) 
Used for wear 
_ tests (W) or me- | 7 
Alloy No. chanical tests pe | me 
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1Z, with zinc addition. 3N, with nickel addition. 
2P, with phosphorus addition. 4A, with antimony addition. 
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TABLE 2.—Chemical compositions of bronzes studied—Continued 
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III. PREPARATION OF THE TEST CASTINGS 


In order that the structure and properties of the test castings 
would approximate those of the average bushings used in the auto- 
notive and allied industries, the test castings were of relatively thin 
section. The dimensions of these test castings, together with the 
nethods of gating, are illustrated in Figure 1. 

In the preparation of these castings 1,500 pounds of a base alloy 
of copper and tin of approximately 90 per cent copper and 10 per 
ent tin were first melted in an open-flame gas-fired furnace and 
— into small notched bar ingots. These ingots were used as 
the base alloy for subsequent melts; the necessary pure metals being 
added in order to prepare alloys of desired compositions. These 
smaller melts, weighing about 40 pounds each, were made in a gas- 
fired crucible furnace. Additions of zinc, lead, tin, antimony, or 
phosphorus were added to the molten base alloy after the crucible 
had been removed from the furnace and carefully skimmed. Addi- 
tions of copper and nickel were made at the time of charging the 
crucible. In all cases the metal was melted under a slag of approxi- 

iately 50 per cent borax and 50 per cent limestone. 
| “Al of the heats were poured at temperatures as close as practica- 
he to 2,000° F. (1,095° C.). Deviations from this pouring —— 
ure were slight, with the exception of the alloys Nos. 10 and 133 
(Table 2.) The high copper content of alloy No. 10 necessitated a 
Gres pouring temperature, about 2,100° F. (1,150° C.), and on 
seeount of the high lead content of alloy No. 133 it was found desir- 
- to pour this alloy at a slightly lower temperature, about 1,950° 

1,065° C.). Observations made during the process of casting 
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showed that each of these elements has a strong effect in preventing 
segregation of lead. It was also noted that melts containing ant. 
mony and nickel showed a considerable tendency to oxidize in the 
crucible and also in the mold. 

The casting conditions were kept as nearly constant as possible 
because it was shown by Carpenter and Elam,’ Karr,’ and Rowe! 
that variations in these conditions might appreciably affect. th 
properties of bronzes. 


IV. TEST METHODS 


In outlining the program special attention was given to the causes 
of bearing failure in service. Bearings which have failed in service 
are frequently termed ‘‘worn out.’”’ This term may often be g 
misnomer, as wear often plays only a minor part in rendering the 
bearings unserviceable. Repeated pounding stresses frequently caus 
a large percentage of failures. A survey of the possible causes of 
bearing failure indicated that the following properties deserved study: 
Wear resistance, resistance to repeated pounding, resistance to im- 
pact (single-blow), and hardness. 

In the work previously reported,’ wear resistance tests were made 
both with and without a lubricant, but comparisons of the alloy; 
were made wholly on the basis of the dry or unlubricated tests, 
“Lubricated tests’? would be of value in bearing metal testing tech. 
nique if such tests were not so difficult to control or did not require 
such extensive periods of time. 

Under conditions of complete film lubrication the wear rate is 
extremely low. Conditions giving boundary lubrication have many 
experimental difficulties, so it was decided to run this series of exper- 
ments in the unlubricated condition on the Amsler machine." 

All wear resistance tests were run in duplicate. Each bronze 
specimen was tested against a standard steel specimen, a new speci- 
men being used in each case. The steel used throughout this investi- 
gation was an oil-hardened carbon steel containing 0.93 per cent 
carbon. This steel’ was selected because its surface hardness after 
treatment is comparable to that of case-hardened low-carbon steel 
generally used for shafts in bronze bearings. The heat treatment 
and properties have been previously described.” 

In the wear-resistance tests the total pressure between the speci- 
mens was about 37.5 pounds. The unit contact pressure, as calcu- 
lated by the Hertz * formula, for line contact varied from 24,200 
Ibs./in.? to 30,600 lbs./in.?, the variation being due to the lateral 
oscillation of the upper specimen, which is a characteristic feature 
of the Amsler machine. As these pressures are known to be above 
the proportional limits of the various bronzes tested, it is believed 
that the wear rates of the alloys were accelerated accordingly. 





7H. C. H. Carpenter and Miss C. F. Elam, Causes of Unsound Castings of Admiralty Bronze, J. last. 
Met., 19, p. 155, 1918. 

®§C. P. Karr, Standard Test Specimens of Zinc Bronze, B. S. Tech. Paper No. 59; 1916. ? 

°F. W. Rowe, The Effect of Casting Temperature on the Physical Properties of a Sand-Cast Zine 
Bronze, J. inst. Metals, 31, p. 217; 1924. 

10 See footnote 5, p. 350. 

11 See footnotes 4 and 5, p. 350. 

12 See footnote 5, p. 350. 

13 Hertz, Miscellaneous Papers, MacMillan & Co. (Ltd.), p. 163; 1896. A more convenient reference |S 
F. H. Buhlman, Factors Governing the Design of Roller Bearings for Roll Necks, Iron & Steel Engr.,4, 
p. 302; June 1927, 
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FicgurE 1.—Test castings 


A, For wear test specimens; B, for impact, pounding and hardness tests. 
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Figure 3.—Model showing relation for bronzes investi- 


gated in Cu-Sn-Pb system 
Wear expressed in weight loss per 10,009 revolutions. Test conditions 


are described in detail in the reference given in footnote 1 of the text 
rests made at atmospheric temperatures. 





iil | 


Model showing relation of work done in 
meter-kilograms per 10,000 revolutions for 
investigated in the Cu-Sn-Pb system 


FIGURE 4. 


bron Zes 


The meter-kilogram of work is determined from the torque indicator of 
he 


Amsler wear machine, and is directly proportional to the frictional 
force between the steel and the bronze specimen Tests made at 
atmospheric temperatures, 





| Bearing Bronzes 
The equipment and methods of test used for the determination of 
vsistance to pounding, resistance to impact, and Brinell hardness 
have been previously described." 
The forms of test specimens used for the determination of wear, 
sistance to impact, and resistance to repeated pounding are shown 
n Figure 2. 
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Figure 2.—Forms of test specimens 


V. RESULTS AND DISCUSSION 


1, COPPER-TIN-LEAD BRONZES WITHOUT ADDITIONS 
(a) WEAR RESISTANCE 


The results of tests on wear resistance of the alloys without addi- 
ons are shown by the ternary model (fig. 3), in which the ordinates 
iow weight losses for 10,000 revolutions obtained with the different 
loys represented in the base of the model. It will be noted that 

increase in the content of tin and lead, either collectively or 
parately, reduced the rate of wear. Other information of value was 
tained from these tests, particularly the frictional force between 
‘bronze and the steel as measured by the torque indicator. Some 
ithe specimens tested for wear resistance showed a tendency to 
lat-wheel’”? or become “out of round” during testing. Alloys 
‘ving high resistance to pounding do not “flat-wheel” during the 
st, while alloys having low resistance to pounding show the greatest 
ideney toward the “‘flat-wheel’’ effect. 





P See footnote 5, p. 350. 
118793°—30———10 
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The average results indicative of the relative friction betweey j 
bronzes and the steel specimens during testing are given in the tem 
model, as meter-kilograms of work recorded by the torque indica; 
(Fig. 4.) Attention is called to the fact that the coefficient of fric; 
of a bearing material with a journal, tested under unlubric; 
conditions, has no apparent relationship to the coefficient of fricti 
of the same bearing afid shaft if adequate lubrication is maintains 
When lubrication is incomplete, such as during starting or failur 
the lubricant, the coefficient of friction of the journal and bearing i; 
importance. In order to minimize damage and seizure due to ov 
heating, a low coefficiént of friction is desirable. Attention is cal 
to the increase in the number of kilograms of work recorded by jj 
torque indicator with bronzes having a lead content below 5 per ce 
(Fig. 4.) ; 

Tests on wear resistance were made at room temperature and; 
350° F. (175° C.). The order of comparison of the alloys at 350°} 
(175° C.) agreed quite well with that obtained at room temperatuy 
but a consistently higher wear rate was observed at the hig) 
temperature. 


(b) RESISTANCE TO REPEATED POUNDING 


The model showing the resistance to pounding of the alloys with 
additions (fig. 5) is based on the number of blows required to prodi 
5 per cent deformation (upset) of the specimens. As some of t! 
specimens did not deform 5 per cent, the resistance to poundi 
of the series with the additions was measured on the basis of th 
percentage deformation after 100 blows. 

It will be noted from the model that the resistance to poundir 
increased as the ratio of copper to tin decreased. This was inves! 
gated only with tin contents as high as 15 percent. The effect oft 
on increasing the resistance to pounding is probably due to tw 
causes; first, a strengthening of the alpha solid solution of tin! 
copper, and second, a further stiffening of the resulting structure | 
the precipitation of the delta microconstituent according to 
reaction beta — alpha plus delta. 

It would seem that additions of lead would lower considerably ti 
pounding resistance, but it should be remembered that the ratio 
copper to tin is of prime importance, because it is largely the matrix' 
the alloy that resists deformation and not the free lead contained. 


(c) RESISTANCE TO IMPACT 


Impact tests by the Izod method were made on all of the allo} 
studied. The value of this test for comparing bearing metals: 
largely dependent on the design of the bearing. Bearings complete! 
supported need not necessarily be of high toughness. On the oth 
hand, if the bearing has overhanging flanges or unsupported pa! 
which might be subjected to shock, the relative toughness o! 1 
bearing metal is of importance. 

The notch toughness values obtained on the alloys without add 
tions are shown in a ternary model. (Fig. 6.) It was found thi 
an increase in tin, to about 8 per cent, had little effect. When t! 
tin content was above that amount, a sharp decrease in tought 
resulted, due primarily to the brittleness of the alpha-delta muct 
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FiaurE 5.— Model showing relation of repeated pounding 
for bronzes investigated in the Cu-Sn-Pb system 


Test is one of ‘upsetting’? where comparisons are based on the num- 
ber of blows producing 5 per cent deformation. Tests made at 
atmospheric temperatures. 
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Figure 6.— Model showing relation of izod tmpact re- 
sistance for bronzes investigated in the Cu-Sn-Pb system 
Tests made at atmospheric temperatures 
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Figure 7.— Model showing relation of Brinell hardness 


for bronzes investigated in Cu-Sn-Pb system 


Tests with 500 kg. load and 10 mm. ball at atmospheric temperatures. 
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nstituent.’ A progressive increase in the lead content produced 
gradual Pi in toughness. Evidently this was because free 
i] is relatively very low in its impact toughness and also because 
-oecurrence of the particles of lead in the bronze matrix reduced 
. effective cross section of the specimen. 


(d) BRINELL HARDNESS 


The results of Brinell hardness tests (10 mm ball and 500 kg load) 
the alloys without additions are shown in Figure 7. The Brinell 
rness reported on the alloys without additions showed the ex- 
cted trends—that is, an increase in hardness with an increase in 
» tin content and a gradual decrease with a progressive increase 
the lead content. Attention is called to the fact that no definite 
ationship has, as yet, been found between hardness and resistance 
pounding. Alloys of the same hardness may differ in resistance 
pounding, while, on the other hand, alloys of different hardnesses 
y have the same resistance to pounding. 


2, COPPER-TIN-LEAD BRONZES WITH VARIOUS ADDITIONS 


\comparison of the various properties determined on the copper- 
lead bronzes with and without additions of 4 per cent zinc, 0.05 
rcent phosphorus, 2 per cent nickel, and 1 per cent antimony is 
renin Figures 8, 9, 10, and 11. 


(a) EFFECT OF 4 PER CENT ZINC 


Zine is frequently added to copper-tin alloys as a deoxidizer to 
prove their soundness. The constitution and mechanical proper- 
of these alloys, known as copper-rich kalchoids, have been de- 
mined by a number of investigators, Hoyt,'® Guillet,’’ Guillet and 
rillon,'’ Thurston,’® Miller. Portevin and Nusbaumer * reported 
its from a Derihon machine and found that bronze alloys con- 
nng about 2.5 per cent zine with 5 to 10 per cent tin had higher 
resistance than alloys without zinc, but having high tin con- 

13 to 19 per cent). 

Structure—The micrographs given in this report show the 
ects on the structure of the additions investigated, namely, 4 per 
‘zinc, 0.05 per cent phosphorus, 2 per cent nickel, and 1 per 
(antimony, on a copper-tin-lead alloy which was basically 80 
rcent copper, 10 per cent tin, and 10 per cent lead. Figures 12, 
4,15, and 16 show the structures of these alloys with and with- 
ithe additions in the unetched and etched conditions. 
te addition of 4 per cent zinc to the base alloy produced no 
ge in either the distribution or the segregation of lead. (Figs. 
) and (b).) -A comparison of Figures 12 (6) and 13 (b) shows 

the addition of 4 per cent zinc increased the relative amount 





¥.L. Kent, The Brittle Ranges of Bronze, J. Inst. of Metals (British), 35, pp. 45-51; 1926. 
Hoyt, On the Copper-Rich Kalchoids, J. Inst. Metals, 10, p. 235; 
L Guillet, Etude Générale des Tritons Spéciaux, Rev. de Met., Pom sth * p. 243; 1906. 
luet and Revillon, Determinations of the Coefficient of Equivalence for Special Bronzes, Rev. 
eM, 7, p. 429; 1910. 
‘4. Thurston, Materials of Engineering, Pt. III. Brasses, Bronzes, John Wiley & Sons (4th ed.), 
aN) 


ones v. Miller, Studien iiber die Einwirkung der Wichtigeren metallischer und nicht- 
Mischen n Zusitze auf normale Kupfer-Zinn Bronze, Metallurgie, 9, p. 63; 1912. 
Orie vin and Nusbaumer, Essais sur l’Usure des Bronzes, Rev. de Metallurgie, 9, p, 61; 1912, 
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of the eutectoid constituent (alpha and delta) over that of the gl 
without additions. The increased amount of the eutectoid congij 
ent in the zinc alloys probably accounts for the fact that the “jog 
ing-in’”’ period of the specimens in the Amsler test was greater th 
in the case of the base alloy of only copper, tin, and lead. 

(2) Wear resistance-—In a previous paper” the effects prodyy 
on a number of bearing bronzes by the addition of 4 per cent, 
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Ficure 8.—Comparison of wear characteristics of Cu-Sn-Pb bronzes till 
without other additions 


Tests made at room temperatures and at 350° F. (175° C.). 


have been discussed in detail. In the present investigation the! 
of wear of alloy containing 4 per cent zinc at room temperature! 
about the same as that of the alloys containing no added impu 
with the exception of alloy No. 96. In this alloy, basically 8 
cent copper, 10 per cent tin, and 2 per cent lead, the addition’ 
per cent zinc caused an increase of about 53 per cent in the 





23 See footnote 5, p. 350. 
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ate at room temperature but only 12 per cent at 350° F. (175° C.). 

‘ith the exception of alloy No. 96, and perhaps No. 133, it may be 
aid that the addition of 4 per cent zinc does not have an appreciable 
fect on the wear resistance or the frictional forces between the cop- 
er-tin-lead alloys and steels. 

(3) Resistance to repeated pounding —The addition of 4 per cent 
ine increased the resistance to pounding of the alloys at room tem- 
erature, but had little effect at temperatures of 350° F. (175° C.). 
4: 600° F. (315° C.), however, the tendency was toward decreased 
esistance to pounding. Some of the alloys containing zinc showed 
ss deformation at the end of 100 blows than the companion alloys 
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FiauRE 9.—Comparison of the resistance to repeated pounding of Cu-Sn-Pb 
bronzes with and without other additions 


Tests made at room temperature, 350° F. (175° C.) and 600° F. (315° C.). 


ontaining no zinc. In other cases greater deformation was obtained 
ith the alloys containing zinc. The differences, however, were 
ight, and for practical purposes it may be stated that the addition 
{4 per cent zinc has little effect on the resistance to deformation. 

(4) Resistance to impact.—The addition of 4 per cent of zinc had a 
endeney to increase the resistance to impact of the alloys studied at 
th room temperature and elevated temperatures. 

(5) Brinell hardness —Of the alloys studied, those with zinc were 
nsistently harder than those without zinc. The increase in hard- 
ss attributable to the addition of 4 per cent zinc was slight, how- 
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Figure 10.—Comparison of impact values of Cu-Sn-Pb bronzes with ar 
without other additions 


Tests made at room temperatures, 350° F. (175° C.) and 600° F. (315° C.). 
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Figure 11.—Comparison of Brinell hardness values of Cu-Sn-Pb bronzes wit 
and utthout other additions 





All tests made at room temperatures. 
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Figure 12.— Microstructure of 80-10-10 bronze without additions 


Unetched, X 100; 6, etched, & 100; c, etched, * 500. Etchant 3 parts NH«OH plus 1 
part HO, followed by solution of FeCl; in HCI (10 yg FeCl; plus 30 ml HCI] plus 120 
ml H2Q), 
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FicgurE 13.— Microstructure of 80-10-10 bronze with addition of 4 pe! 


cent zine 


Unetched, & 100; b, etched, X 100; ¢, etched, 500 Etchant 3 parts NHsOH_ plus 
part HO», followed by solution of FeCh in HC] (10 g FeCl; plus 30 ml HCI plus 1: 


ml] F120). 
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14.— Microstructure of 80-10-10 bronze with addition of 0.05 


per cent phosphorus 


netched, X 100; b, etched, X 100; c, etched, 500. Etchant 3 parts NH,OH plus 1 
t H2Oo, followed by solution of FeCl3 in HCI (10 g FeCl; plus 30 ml. HCI! plus 120 
HO), 





B. S. Journal of Research, RP205 


~n.- = 





. 








Figure 15.— Microstructure of 80-10-10 bronze with addition of 2 per 
cent nickel 
a, Unetched, X 100; 6, etched, X 100; c, etched, * 500. Etchant 3 parts NHsOH pl 


part H»O2, followed by solution of FeCl; in HC] (10 g FeCl; plus 30 ml HCl plus 12 
ml H2Q), 
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FiGuRE 16.— Microstructure of 80-10-10 bronze with addition of 1 per 


cent antimony 


Unetched, X 100; 6, etched, x 100; ¢, etched, X 500. Etchant 3 parts NH4sOH plus 1 
part H2Og, followed by solution of FeCl; in HCI] (10 g FeCls plus 30 ml HCI] plus 120 
ml) H2Q), 
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In some respects the results previously reported confirm those of 
amer’ who found that the addition of zine to leaded bronzes 
srdened the alloys and increased the wear rate, but he concluded 
hat the alloys having approximately 5 oO per cent tin, up to 20 per cent 
ad, and up to 5 per cent zinc should be entirely satisfactory for all 
asses of car-journal bearings. 


(b) EFFECT OF 0.05 PER CENT PHOSPHORUS 


Phosphorus is frequently added to deoxidize bronze and i is gener- 
y added as phosphor-copper, although stick phosphorus is some- 

nes used. Phosphor bronze occasionally contains as much as 1 
+ cent phosphorus. Bronzes containing about 0.7 per cent phos- 
jorus hi ave been reported to have desirable mechanical properties 

: Philip * and others. 

1) Structure—The addition of 0.05 per cent phosphorus to the 
se alloy of 80 per cent copper, 10 per cent tin, and 10 per cent lead 
pears to minimize the segregation of lead. (Figs. 12 (a) and 
i (a).) The grain size of the alloys containing Bi tare is finer 
hn with the alloys without 0.05 per cent phosphorus. (Figs. 
b) and 14 (b).) This finer grain size may be largely responsible 
the increased Brinell hardness and increased resistance to wear 
hich was found for these alloys. 

) Wear resistance-—In general, the addition of 0.05 per cent 
phorus was found to increase slightly the wear resistance, but 

‘appreciably to affect the frictional force. Most of the alloys 
taining phosphorus showed a higher wear resistance than the 
Ise alloy at room temperature and at 350". F. (175° C.). However, 
oy No. 10, basically 96 per cent copper, 2 per cent tin, and 2 per 
ot lead, showed the addition of phosphorus to be deleterious at 
th 4 temperatures. 

) Repeated pounding.—All of the alloys tested showed a consistent 

nd pecans effect of phosphorus on the resistance to pounding. 

troom temperature this effect was to increase the resistance to 

formation, while at 350° F. (175° C.) there was little effect and 

600° F. (315° C.) there was a reduction in the resistance to 
iormation. 

4) Resistance to impact.—The addition of 0.05 per cent phosphorus 
ad no marked effect on the notch toughness at either room temper- 
ue or 350° F. (175° C.). At 600° F (B15 °C.) there was a tendency 
ward a slight increase in toughness. 

(5) Brinell hardness —Of the 8 alloys, with and without phos- 

orus, Which were tested, 6 showed a slightly increased hardness due 

he phosphorus addition, while for 2 the opposite was true. The 

nitude of the effects found was not great, so it may be said that 

ne pri es addition has little effect on the Brinell hardness, 
though the tendency seems to be toward an increase in hardness. 


(c) EFFECT OF 2 PER CENT NICKEL 


The results from the tests with bronzes which contained nickel were 
newhat analagous with those of Corse,” who has reported that the 
ile strength and elongation of 80-10- 10 bronze is improved by the 





H. Clamer, Effect of Changes in the Composition of Alloys Used by the American Railways for 
nal Bearings, Trans. Am. Inst. Metals, 9, p. 241; 1915. 
hilip, J. Inst. Metals, 1, No. 1, p. 174; 1909. 
aul M. Corse, Nickel in Brass and White Metals, Met. Ind. (N. Y.), 22sip. 234; 1924. 
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addition of 1 per cent nickel. He has also stated that nickel additions 
also increase the rate of cooling and thereby reduce to a minimum ¢iy 
tendency toward lead segr egation. 

(1) Structure. — The alloys containing nickel (2 per cent) showed j 
finer distribution, less segregation of the lead, and also a an a : 
size than the comparison alloys containing no nickel. (Figs. | 
and (b) and 15 (a) and (6).) It should be noted that the datacal 
constituent of the nickel alloy was comparatively free from alphy 
(fig. 15 (c)) and occurred frequently in direct contact with lead parti 
cles. This m: uy account in part for the higher frictional forces gyj 
the decrease in wear resistance 

(2) Wear resistance—All alloys containing 2 per cent nickel \ 
the exception of No. 143, having a base composition of 85 per: 
copper and 15 per cent tin, showed increased wear rates at room tem 
perature. At 350° F. (175° C.) alloys Nos. 27 and 96 containing yj 
copper, 10 tin, and 10 lead, and 88 copper, 10 tin, and 2 lead, respee 
tively, gave results indicating a slightly benefic ial effect of nicl kel 
In ceneral, the addition of 2 per cent nickel increased the wear rate 
of the alloys and slightly increased the frictional force as measured 
by the torque indicator. 

(3) Repeated pounding.—A ictiviety advantage gained by th 
addition of 2 per cent nickel is apparent from the results of ths 
pounding tests at room temperature. With the exception of thoy 
alloys very low in tin, Nos. 10 and 133, the addition of 2 per cenj 
nickel increased the resistanc e to deformation of the alloys abou 
300 per cent. At 350° F. (175° C.) the beneficial effect of . kel w 
not as apparent as at room temperature, while at 600° F. (315° () 
there was no beneficial effect. 

(4) Resistance to impact.—In the alloys containing low amounts of 
lead, Nos. 10, 96, and 143, the addition of 2 per cent nickel increased 
the resistance to impac t at the three test temperatures; however, ther 
was a decrease with alloy No. 143 at the test temperature of 600° F 
(315° C.). However, with alloys containing over 2 per cent lead 
there was, in general, a slight decrease in toughness. 

(5) Brinell hardness—The addition of 2 per cent nickel produced 
no marked effect on the hardness of the alloys studied, although the 
appeared to be a slight tendency toward an increase in hardness. 


uy 


(d) EFFECT OF 1 PER CENT ANTIMONY 


Antimony is nearly always considered an undesirable impurity 1 
bronze. It has been stated, however, by Rolfe * that antimony [1 
quently occurs in gun metal, sometimes so high as 1 per cent, and th 
gun-metal castings containing from 0.5 to 1 per cent antimony do no 
show any marked falling off in the mechanical properties. In a lat 
publication, however, the same author ” has stated that the effect 
higher amounts of antimony is to increase progressively the hardnes 
and brittleness and cause a progressive falling away in the strengt! 
and ductility. No difference in soundness or microstructwe Wi 
reported. 

(1) Structure —In the alloys studied the addition of 1 per ye 
antimony to the base alloy of 80 per cent copper, 10 per cent | tin, 





%* R. T. Rolfe, Note on the Effect of Arsenic, Antimony, and Lead on 88-10-2 Gun Metal, J. Inst 
20, p. 263; 1918. y 

7 R. T. Rolfe, The Effect of Increasing Proportions of Antimony and Arsenic, Respectively, upe? “ 
Properties of Admiralty Gun Metal, J. Inst. Met., 24, p. 233; 1920. 
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) per cent lead appeared to increase the segregation of lead. (Figs. 
(2) and 16 (a).) The addition of antimony did not appear to 
fect the general grain size of the alloy. It is probable that the 
ntimony is largely alloyed with the lead and results in a lower wear 
sistance as compared with the base alloy without antimony. (Figs. 

(h) and (c) and 16 (6) and (c).) 

(2) Wear resistance —Although the addition of 1 per cent antimony 
) most instances increased the wear resistance of the alloys studied, 
also increased the friction. At room temperature, the indicated 
ction of the alloys containing antimony was considerably higher 
an of those without antimony. This effect was not so noticeable 
4 350° F. (175°C.) as at room temperature. 

3) Resistance to repeated pounding.—There was a beneficial effect 
roduced by 1 per cent antimony as regards the resistance to pound- 
v, Increases as high as 300 per cent were noted at. room tempera- 
re, While at 350° F. (175° C.) and 600° F. (815° C.) the advantage 
nined by adding antimony was still apparent. 

4) Resistance to ampact.—Probably the most definite effect of 
itimony was to decrease the resistance to impact of copper-tin- 
ad alloys. In most of the alloys studied at the three test tempera- 
ies the addition of 1 per cent antimony reduced the resistance to 
upact about 30 per cent. 

5) Brinell hardness —The addition of 1 per cent antimony had 
itle effect on the hardness of the alloys studied, although there 
eemed to be a tendency toward an increase. 


VI. SUMMARY 


Copper-tin-lead-bearing bronzes, high in copper, have been studied 
y the application of various mechanical tests, such as Brinell hard- 
ess, resistance to impact, resistance to repeated pounding, and 
sistance to wear. 
The effects of several additions, 4 per cent zinc, 0.05 per cent 
hosphorus, 2 per cent nickel and 1 per cent antimony have been 
tudied by the application of the individual tests previously mentioned. 
The results of the study of the effects of different additions on the 
roperties of bearing bronzes are briefly summarized in Table 3. 
TABLE 3.—General effects of additions studied on properties of bronzes 


Property 





, : : ; [nig 
Wear resistance | Resistance to | Resistance to impact Prine) hasdoens 
(Amsler test) pounding (Izod) ? LSEGRECS 


| Slightly harder. 


| No appreciable ef- | Increased at room | Tendency to increase 
f 7, 
350°, and 600° F. | 


ect. Decreased | temperature. No! toughness at 
with alloys of low appreciable — effect | 
lead and high tin. 350° and 600° F. | 
Frictional force not 
affected. | | 
| Increased in most | Increased at room | No definite change.._.| Tendency to- 
cases. Frictional | temperature. Little | | ward slight in- 
force not affected. effect at 350° F. 

| | 
| 


| crease. 
Pronounced de- | 





| | crease at 600° F. } 

| Marked increase at | Increased with low 

| tional force slightly room temperature | lead alloys. De- | change. 
increased. | less marked at 350° creased with alloys | 

> Be Decreased in| having appreciable | 

| Many cases at 600° | amounts of lead. 

| oF 


cent | Decreased. Fric- No appreciable 


-| Increased in most | Increased at all tem- | Decreased about 30) Slightly harder 
| cases. Frictional | peratures, per cent. | in most cases. 
force increased at | | 
room temperature. | | 
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TIING TESTS WITH CEMENTED TUNGSTEN CARBIDE 
LATHE TOOLS 


By T. G. Digges 


ABSTRACT 


This investigation was made for the purpose of developing a method of testing 
ented tungsten carbide lathe tools under heavy duty and to extend to the 
cutting material some of the laws originaJly developed by Taylor and bis 
sciates for cutting with carbon and high-speed steel] tools. Relations were 
ermined between the speed, feed, depth of cut, and tool life for a selected form 
|size of tool. All tests were made dry in cutting 3.5 per cent nickel-steel 
vings, heat treated to give tensile strengths within the range of 85,000 to 
\000 lbs./in.2 The results are presented in both graphic and tabular forms. 
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I. INTRODUCTION 


(emented tungsten-carbide tools were first placed on the market on 
ommercial basis in Europe in 1926 and in the United States several 
ws later. The rapid development of this material during the past 
a’ has made possible its extensive use for tools throughout this 
utry and abroad. The records of production with these tools have 
pady shown that this new cutting material will occupy a most 
rtant place in our industrial life. 
The 2 experitaants described in this report relate primarily to a study 
uthe-tool performance as affected by the conditions of cutting, suc h 
varlations in speeds, feeds, and depths, while the composition, the 
y, and form of the tools and cutting materials were not varied. 
ieinvestigation was for the purpose of developing a method of test- 
f tungsten-carbide tools under heavy duty and to establish some of 
‘laws of cutting which define the approximate relations between 
sof short duration, which might be made in the laboratory, and 
time cutting required in practical service. The need of such 
mation is shown by the large number of inquiries received by 
¢ National Bureau of Standards from consumers. 
365 
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II. PREVIOUS INVESTIGATIONS 


No attempt will be made to review the abundant literature pj 
lished since the introduction of tungsten carbide as a cutting mater; 
The articles published have dealt primarily with outstanding pro 
tion records and other phases not directly related to the field to 
covered. Such data may be used to advantage, and important te 
nical publications containing information on the subject under ¢ 
cussion will be referred to in the individual sections of this report 


III. METHODS OF TESTS 
1. EQUIPMENT 


A 36-inch heavy-duty engine lathe, driven by a 40 h. p. 220 yj 
d. c. shunt motor, was selected. (See fig. 1.) <A ‘‘link belt” chy 
was used to insure a positive drive. Accurate speed control of ¢4 
work piece was secured by using the several gearing ratios of jj 
lathe and by changing the speed of the motor with a variable resistay 
in the field circuit. Experiments showed that it was necessary j 
increase the rate of speed of the motor in order to prevent excess 
slowing down or stalling under heavy loads. 

A special tool holder was designed to give ample support to ¢ 
test tool near the cutting edge. This was firmly clamped in ¢ 
4-bolt tool post holder shown in Figure 1. 

A “live center” (tailstock) containing a ball bearing and havi 
the form and dimensions shown in Figure 2 was used instead of {! 
customary ‘‘dead center.’’ Its insertion required considerable tu 
and labor, but it avoided lubrication troubles common with t 
“dead center.”’ 

A single pointed cutting tool was selected and its form was simi 
to that commonly employed for heavy-duty roughing work. | 
form and dimensions, as shown in Figure 3, consisted of tungsta 
carbide tips approximately 0.18 inch thick, 0.31 inch wide, and ()s 
inch long, copper brazed on a shank 0.5 inch wide, 1 inch thick, a1 
7 inches long. The tools had a plane angle of 90° and were grow 
to 6° front and side clearance, 0° back slope, 14° side slope, 10° ba 
side relief, and the radius of the nose was 0.0625 inch. The edge: 
the tool from this arc along its cutting edge was ground to a contol 
of 1.75-inch radius for 0.4375 inch. All tools were hollow grow 
to a depth of 0.003 to 0.006 inch at approximately 0.25 inch from ti 
cutting edge of the tools. Special grinding wheels of silicon carbi 
were used for grinding the tools. 

The tools used in this investigation were manufactured by t 


h 


Carboloy Co. (Inc.) by certain sintering operations in which 1 
fine particles of tungsten carbide were cemented firmly togette 
with cobalt, and the material is referred to as cemented tungst 
carbide to differentiate it from the cast product. Chemical analys 
were made on two lots of tungsten carbide tools that were supp! 
at different times, Table 1 shows that the tools were quite unito'! 
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FiGurE 3.—Size and form of tool used in lathe tests 
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TABLE 1.—Chemical analysis mapronns ntative ll the cemented hssagaten- -carbidi 


Chemical composition 


| : | 2 
wi Co | Ke 





Per cent | Per cent | Per cent | Per cent 
5.3 81.4 12.7 | 0. 76 








2. PROCEDURE 


From five to eight tools were tested for most of the con diti 
investigated, and all tests were made in sequence. For examp) 
the study of the effect of feed on tool performance, one tool y 
tested at each of the selected feeds in the series, a second tool 
tested at each of the same feeds, and this procedure continued \y 
the desired number of tools had been tested for each conditig 
From one to three tests were made with each tool, but no tool af 
being reground was used under the same conditions of test as tho 
under which it had formerly been tested. Only average values 
used for comparisons in this report. 

Testing tools in sequence has long been practiced and tends 
minimize variations in results arising from imhomogeneities in { 
metal wri cut. The pieces upon which the cuts were taken, refer 
to as forgings, were originally from 10 to 12 inches in diameter a 
from 8 to 10 feet in length. In some cases the forgings were | 
to diameters as small as 4.5 inches in the cutting tests. Aver 
mechanical properties were determined on longitudinal specim 
cut from the forgings so as to represent the average metal remov 
during cutting. The chemical composition, heat treatment, 
properties, and Brinell hardness of the forgings are given in Tab! 
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In making a cutting test the tool was clamped so that its Side y 
at right angles to the longitudinal axis of the forging, with the ey, 
the nose on dead center. The lathe was then set at the desire fe feed 
the tool at the required depth, and the speed of the lathe adjustei 
give the forging the desired peripheral speed. The tool was fed} 
hand until the desired cut was reached, after which the automatic fe 
was thrown in and the time recorded. The speed of the fory; 
decreased when cutting began, but was quickly adjusted to bring 
back to its original value. Before starting any test, care was t,; 
to remove any glazed surface on the forging caused by the break 
of the previous tool or any particles of the tool that might hi 
become embedded in the forging. 

All tests were run dry, and the cutting speed, feed, and dept 
cut were varied, depending upon the purpose of each series of tet 


3. TOOL FAILURE 


A groove was formed on the top surface of the tool near the “leai 
edge”’ soon after the tool started to cut. This depression beci: 
greater as the test progressed until a condition was finally reacly 
when the wear was sufficient to cause a small section to chip or bry 
out of the working portion of the tool. This ‘“‘end point” usu: 
resulted in a glazed surface on the test forging and was often acw 
panied by a splitting of the chip which gave an additional indicati 
of tool failure. Thus, there was a very definite end point and one th 
could be recognized without much difficulty. In some of the expe 
ments, especially those of the most severe conditions of cutting, 
end point was often quickly followed by, if not. simultaneous wi 
tool breakage which would leave doubt as to the time of tool failu 
Such doubtful tests were discarded in these experiments. In soi 
cases it would have been possible to continue to cut after the deseri) 
condition was reached, but only at the expense of badly broken tool 
All cutting results given in this report were obtained by the “eat 
point’? method deseribed. The wear on the top and front surfaces 
the tools at the time of failure is illustrated in Figures 4 and 5. 

The appearance of the forging at the time of failure of the tungsie 
carbide tools was very similar to the appearance of a forging when 
high-speed steel tool fails under the so-called “‘lathe breakdown tes 
A ‘glazed surface was produced on the forging at the bottom o/ i 
cut at the time of tool failure as is shown in Figure 6. 


IV. EFFECTS OF CUTTING SPEED ON TOOL LIFE 


It is a well-known fact that the cutting speed of a high-speed sti 
lathe tool is dependent upon the quality, composition, and heat tres 
ment of the tool and on the properties of the metal cut as well as up 
the size and form of tool, feed, and depth of cut. It appeared reas 
able to assume that the cutting speed of cemented tungsten-car!! 
lathe tools should depend upon approximately the same variables 
high-speed steel tools, and it was upon this basis that the experimen 
were performed. 

The results of tests at different speeds with a feed of 0.031 inch" 
revolution and depth of 0.1875 inch are summarized in — 3 
Figure 7, Figure 7 shows that there was a continuous increase 1! 

















Wear on front of tools during test 


i failed except tool shown on extreme left. 


All tools ha 
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FIGURE 6.— <A ppearance of test forging at time of tool failure 
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fr. of tungsten-carbide tools as the cutting speed was decreased. 
ithin the life range of 9 to 156 minutes the experimental results may 
, represented by the empirical equation 


VT"=c (1) 
) whicn 

V=the cutting speed in feet per minute. 

T=the tool life in minutes. 

c=a constant which is dependent upon the cutting conditions 
other than speed. It should vary with the form and size 
of tools, material cut, nature of tools, feed, and depth of 
cut. 

n=constant. 
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FicvreE 7.—Summary of lathe tests showing that cutting speed of cemented 
tungsten carbide tools varies inversely as one-fifih power of their life 
Tests were made ‘‘dry”’ with form and size of tool shown in Figure 3. Properties of test forgings 
given in Table 2, Note that logarithemetic coordinates are used 


ABLE 3.—Effect of speed on performance of cemented tungsten-carbide lathe tools 





: | 
‘ | Average 
Caleu- | “~~ 
-- Number | Average | lated | ian aieed 
| | of tests | tool life | cutting | oo 
+¢ | « | speed 1 | A 
Forging No.? peed Feed Depth | speed | cutting 


Cutting conditions | 





hive: | 





| Fiala. | In./rev. Inch in. | Ft./min. 
| 


/ 0.031 0. 1875 : 93 

10 | .031 . 1875 9 | 108 

. 2 . 0: . 1875 5. | 119 

“4 and 45-.. 130 05 “1878 ; 26.7 | 132 
140 “0: . 1875 ¢ 139 

| 160 . 0: . 1875 : 9.0 | 164 














P . oa 1 
mputed by means of equation VT*»=C with n= Fs 
‘All tests were run dry with the size and form of tool shown in Figure 3. See Table 2 for properties of 


ORS 


Taylor! found the effect of cutting speed on the tool life of high- 
peed steels could be represented by equation (1). This empirical 
lationship between tool life and cutting speed with high-speed 
eel tools was recently confirmed by the Lathe Tool Research 





P. W. Taylor, On the Art of Cutting Metals, Trans. A. S. M. E., 28, p. 31; 1907. 
118793°—30——11 





372 Bureau of Standards Journal of Research - 


Committee? and by tests conducted at the National Bureay 4 
Standards,* * and by Ripper and Burley. ° 

Taylor ° reported cutting tests on carbon steels having a tengj 
strength of about 70,000 lbs./in.? with tools of definite size gq 
shape made from steel containing about 1.9 per cent carbon. ¢ 
per cent tungsten, and 2 per cent chromium. He found the yal 


n= - and c=90, but stated: 


We have made a number of experiments with different qualities of stee] a, 
find that approximately the same relation exists between the duration of » 
and cutting speed for steels of different degrees of hardness. This stateme, 
however, does not apply to cast iron. 


Not all investigations have confirmed Taylor’s value of the exp 


. 

66, 99 “ a 7 BP ad 
nent ‘‘n.’’ Ripper and Burley 7 reported the value of n —: 
French and Digges * in cutting tests with modern high-speed sta 
tools cutting 3}; per cent nickel steel of about 100,000 lbs. in, 


al 


, 1 ‘ a" 
tensile strength reported n= ~ for roughing conditions (heavy duty 


and n= 6 for finishing cuts (light duty). 


Schlesinger,® in cutting experiments carried out at the Techn 
logical Institute at Berlin with high-speed steel and superha 
metal tools in cutting a steel of approximately 100,000 Ibs. jin, 
(Brinell number of about 190), found that the cutting speed to 
life curves for the superhard metals had the same characteristic 
those of high-speed steel. His data show that the relations betwed 
tool life and cutting speed for sintered tungsten-carbide tools, whe 
the cross section of the chip was 0.158 by 0.039 inch, could be close 
1 
+ In another set of expe 
4.6 ; 
ments which appear to have been carried out under the same te 


represented by equation (1) when n= 


bie , 1 = ‘ 
conditions it was found that n=7>" With high-speed steel tools 
1 7 oe 
was found to be equal to about 63” which is in close agreement tot 
value reported by the Bureau of Standards for roughing tests. 


Examination of the results summarized in Figure 7 shows th 
the experimental values obtained for sintered tungsten carbit 


tools were approximately represented by equation (1) with n= 


Therefore, the equation 
VTt=c 





? Department of scientific and industrial research, Manchester Association of Engineers. _ Th 
Report of the Lathe Tool Research Committee, published by His Majesty’s Stationery Office, Londo! 

3H. J. French and T. G. Digges, Rough Turning with Particular Reference to the Steel Cut, 1% 
A. S. M. E., 48, p. 533; 1926. 

4H. J. French and T. G. Digges, Turning with Shallow Cuts at High Speeds, B.S. Jour. Resear! 
p. 829; 1929. ‘ ; 

$ W. Ripper and G. W. Burley, Cutting Power of Lathe Turning Tools, Proc. Inst. Mech. Engrs. ! 
3 and 4, p. 1967; 1913. 

6 See footnote 1, p. 371. 

7 See footnote 5. 

§ See footnotes 3and 4. - ne: 

® George Schlesinger, German Practice with Tungsten-Carbide Tools, Am. Machinist, 71, p. 34; +% 
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ngges 


as used for all computations in this report involving the relation 
tween the cutting speed and tool life. There was a close con- 
srdance between the experimental results and the calculated values 
nd equation (2) should be sufficiently accurate for all practicable 
urposes except for extrapolating for very long tool life from. tests 
‘short duration. It is of interest to note that this law as originally 
eveloped by Taylor and his coworkers was confirmed with the 
mented tungsten carbide lathe tools for duration of cut between 
and 156 minutes under conditions widely different from those of 
avlor’s experiments. 

Equation (2), which expresses the relation between tool life and 
utting speed, is represented graphically by straight lines when 
warithmetic rectangular coordinates are used. The chart repro- 
jiced in Figure 8 is of a convenient form for computing the life of 
is at various speeds and makes it simpler to interpolate between 
he values of the constant, c, shown on the chart, than would be 
he case With the curves obtained with Cartesian coordinates. 


Vv. EFFECT OF FEED AND DEPTH OF CUT ON THE 
CUTTING SPEED 


It is not practicable to select a single cutting speed for lathe-tool 
sting varying widely in either feed or depth of cut because of the 
spense of the large amount of material that would be involved and 
¢ time required to make such test. The cutting speed has already 
yen shown to have an empirical relation to the tool life at a given 
eed and depth so that in the study of the effects of feed and depth 
n tool performance the cutting speed was also varied. In general, 
utting speeds giving an average tool life from 10 to 30 minutes were 
elected and then the cutting speeds for the desired tool life were 
omputed by means of equation (2). 
Two series of tests were made with the cemented tungsten-carbide 
pols in order to establish the relations between the cutting speed, 
ped, and depth of cut. One was made with a constant depth of 
it of 0.1875 inch and feeds ranging from 0.031 to 0.096 inch per 
evolution, and the other with a constant feed of 0.031 inch per 
evolution and depths of cut ranging from 0.125 to 0.5625 inch. 
The results of the tests made with a constant depth of cut and 
iable feeds are given in Table 4, and the cutting speeds for a 
-minute tool life with the different feeds used in the experiments 
r summarized in Figure 9. As shown in Figure 9, the relation 
tween the cutting speed and the feed for a given tool life at a 
tustant depth of cut may be represented approximately by the 
fatlon 
VF™=c, (3) 

h which 

V=cutting speed in feet per minute for a selected tool life. 

F'=feed in inches per revolution. 

¢;= constant. 

m=constant. 


Nien operating with cutting speeds for a selected 90-minute tool 
Heat a 0.1875-inch depth of cut in cutting 3.5 per cent nickel steel 
ting having a tensile strength in the neighborhood of 85,000 
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;in2, the exponent m was found to be 0.58, with c, equal to 16.6. 
bstituting these results in equation (3), we have 


VF°8 = 16, 6 (4) 


u 


i),e detailed results as recorded in Table 4 show a surprisingly close 


sreement between the individual tool performances. In a majority 
y the tests this variation was no greater than that ordinarily found 
hen testing high-speed steel lathe tools under heavy duty. 
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FiguRE 9.—Summary of lathe tests showing effect of feed on cutting speed for a 
90-minute tool life 


s were made ‘‘dry’’ with form and size of tool shown in Figure 3. Properties of forging given 
in Table 2 


Tact 


VF.58=16.6 
in which 
V=cutting speed for 90-minute tool life, feet per minute. 


F=feed, inch per revolution. 


‘BLE 4.—Effect of feed on performance of cemented tungsten carbide lathe tools 


[All tests were run dry with the size and form of tool shown in fig. 3] 





Cutting conditions | Tool life Cut- 
Average} ting! 
| power | speed 
required) for 90- 
Test | Test | Test Test |Aver-| in cut- | minute 
1 9 





| 

cl t| Speed | Feed ‘ag e 
| 
| 


| | 3 5 5 7 | age ting tool 
| life 
| 





| 


| 

Ft./min.| In./rev. | Inch | Min.| Min.| Min. | Min. 
160 | 0.031 | 0.1875 | 30.6 | 11.5 | 21.2! 20.8 

. 054 . 1875 | 26.9 | 31.0 | 27.3 | 40.5 

.078 | .1875 | 23.3} 8.0! 121] 16.0 

.096 | .1875 | 16.7 | 14.8| 19.3] (@ 




















Computed from average tool life by means of equation VTt=c, 
‘see Table 2 for properties of forging. 
‘Tool broke, 
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The results of the cutting tests made with a constant feed gj 
variable depths are given in Table 5. The cutting speeds fo , 
90-minute tool life with the different depths used in the experimen 
are summarized in Figure 10. The results show that there was , 
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Fiaure 10.—Summary of lathe tests showing effect of depth of cut 
on culling speed for a 90-minute tool life 
’ with form and size of tool shown in Figure 3. Properties 
of forgings given in Table 2 


Tests were made ‘‘dry’ 


Line drawn according to equation 
> 1 
VD*=90 
in which 
V=cutting speed for 90-minute life, feet per minute. 
D=depth of cut, inches. 


continuous increase in the cutting speed with decrease in depth of 
cut and that the relation between the cutting speed and depth of cut 
with a constant feed and given tool life may be represented by the 


equation 
VDP =c, (5 
in which 
V =cutting speed in feet per minute for a selected tool life. 
D= depth of cut in inches. 
Co= constant. 
p=constant. 
p was found to be equal to 0.2 and c, was equal to 90, for a 90-minute 
tool life, and with a feed of 0.031 inch per revolution and depths 0! 
‘ut varying from 0.125 to 0.5625 inch. Substituting these results 
equation (5) we have 
VD? =90 (6 


An examination of Figure 10 shows that there was a close agreemet! 
between the experimental and calculated values over a wide range 
of depths of cut. 





- Cutting Tests with Tungsten Carbide 
As already stated, the cutting speed for a given tool life is dependent 


upon the quality and composition of the tool, the properties of the 


metal cut, size and form of tool, feed, and depth of cut. 


T BLE 5.—Effect of depth of cut on performance of cemented tungsten carbide lathe 
tools 


[All tests were run dry with the size and form of tool shown in fig. 3] 

| | 

| , Average speed 1 
| Number} Average | power | her 90 
| of tests | tool life | required Or Ww 
} 





Cutting conditions Cutting 





: mie 3 
in cutting mn 


Speed Feed | tool life 


Forging No.? 





| Ft./min. | In./rev, ; Minutes kw. | Ft./min. 
} 200 0. 031 14) . 5 es 5.7 | 144 
180 . 031 4 . 15.1 at 126 
160 - 031 546) . 14.4 11.8 | 111 
150 . 031 | 716} | 18. 5 5 | 109 
140 - 031 | 9 5 | 100 





| 
| 





mputed from the average tool life by means of equation VT4=c. 
see Table 2 for properties of forgings. 


In these experiments the quality and composition of the tools, 
size and form of tools, and the metal cut were kept as near constant 
as possible, so that the cutting speed for a given tool life was dependent 
oly upon the feed and depth of cut. 

From equations (4) and (6) for a 90-minute tool life we have 


V F0-58]902 = k= 12 


K 12 


V= Fo-87 2 = J0-58 792 


(8) 


The equations given in this report check experimental values 

closely, and can be used as the basis for computing speeds for a se- 
lected tool life under varying conditions, provided the size, form, 
quality, and composition of tools and the type of cutting material 
herein described are used. If the tool life is known at some one 
speed, feed, and depth of cut, these computations require only the 
use of equations (2) and (7). The computations necessary in apply- 
ing equations (2) and (7) are, however, tedious because of the form 
of equation (7), and to avoid these computations the chart repro- 
duced in Figure 11 was constructed. This chart is adopted for the 
rading of the various cutting speeds permitting a 90-minute tool 
lle with various combinations of feeds and depth of cut. With the 
logarithmetic rectangular coordinates used for depth of cut and feed, 
the cutting speed (V) (shown on chart, fig. 11) for 90-minute tool 
ile is represented by straight lines. 
_In using this chart, find the intersection of the desired feed and 
depth coordinates. This point of intersection will usually fall be- 
tween the sloping lines representing the cutting speed. This value 
wil give the approximate cutting speed (V) for a tool life of 90 
mnutes. The cutting speed for a tool life within the range of 1 to 
200 minutes may be obtained from the charts reproduced in Figures 
land 8 or by equations (7) and (2), 
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For example, if it is required to compute the cutting speed fo , 
90-minute tool life with a feed of 0.08 inch per revolution and 03 
inch depth of cut, from Figure 11 it will be seen that the 0.08 inch Det 
revolution feed and 0.5-inch depth coordinates intersect at the speed 
line corresponding to 60 feet per minute. Now, if the cutting spec 
for 20-minute tool life with the same feed and depth of cut is desire} 
we have the value of 81 as given by the chart shown in Figuy ¢ 
This latter value is obtained by finding the intersection of the gb. 
scissa representing a tool life of 90 minutes (follow the dotted line jy 
fig. 8) with the ordinate representing a cutting speed of 60 feet per 
minute, then by interpolating by following the straight line (show 
in fig. 8 as c= 150) until this line intersects the abscissa represeny. 
ing a tool life of 20 minutes. 
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Figure 11.—Cutting speed-feed-depth chart for selected size, 
and form of tools and cutting material used in experiments 


This gives cutting speed for 90-minute tool life in dry turning 3.5 per cent 
nickel steel of approximately 85,000 lbs./in.? tensile strength at various feeds 
and depths. The maximum feed and depth values as shown on chart are 
greater than those that can be used with 4x 1inch cemented tungsten carbide 
tools. Refer to text for discussion of use of chart 


Figure 11 was canstructed with the lines representing the perms 
sible cutting speeds for 90-minute tool life, ranging from 40 to 28) 
feet per minute at intervals of 20 feet per minute. Cutting speeds 
other than those shown on the chart for a 90-minute tool life may 
estimated with a reasonable degree of accuracy by extrapolation. 

The limits of the values for feed and depth as given in Figure |! 
are in excess of those that can be used with 0.5 by 1 inch cemented 
tungsten-carbide tools. However, it is possible to use a wide range 
of feeds and depths of cut with this size tool, This chart shoul 
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also be applicable (with modifications) to larger tools than those 
ysed in the experiments. 

As already stated, equation (7) does not take into consideration 
changes in size and form of tools and variations in materials cut. The 
need of such tests becomes immediately apparent in order to extend 
the relations between the relatively short time laboratory test of this 
new cutting material to its wide field of industrial work. 

As shown by equation (7), the cutting speed is not affected equally 
yy changes in feed and depth of cut. A higher cutting speed is asso- 
ciated with a deep cut and fine feed than with a corresponding com- 
bination of coarse feed and shallow cut. Equations (2) and (6) show 
that the exponents, n and p, expressing the relation between cutting 
speed and tool life and the cutting speed and depth of cut are equal. 


VI. GENERAL COMMENTS ON THE LATHE TESTS 


Despite the fact that cemented tungsten carbide contains appreci- 
able proportions of cobalt, it is a relatively brittle material and for 
this reason the cutting tools must be well supported. For these tests 
the carbide tips were joined to the tool shank by copper brazing in a 
drogen atmosphere. Hoyt ’° stated: 


t has been found that tungsten-carbide tips which are rigidly welded to the 
ank are only too apt to come off, either directly after the tool is made, or 
" 


ter being put in service. This is due to thermal stresses which are set up by 
emperature changes and differences in the coefficients of expansion of the car- 
bide and the steel. This circumstance accounts for the popularity of copper 
brazing, because here the thin layer of copper affords a soft cushion which ab- 
rbs such stresses without transmitting them to the carbide tip. On the other 
und, copper softens at elevated temperatures, so that it is necessary, in the 
lesign of the tool, to remove the joint far enough away from the cutting edge so 
hat it does not get dangerously hot during operation. 

This method of attaching the carbide tip was satisfactory for most 
of the conditions used in the cutting tests, although premature failure 
in several tests resulted because of the rupture of this bond. 

The heaviest cuts used with the 0.5 by 1 inch tools were probably’ 
greater than those that could be used in ordinary shop practice where 
cost, due to tool breakage, becomes important. The carbide tips 
ofthe tools were reduced in size by grinding and weakened accordingly 
% that most of the tool breakage was confined to the heaviest cuts 
with tools that had been reground. The test showed that the tools 
could be used under relatively heavy duty provided they were 
properly supported and not subjected to vibration. 

The forces on a lathe tool, while cutting, are practically inde- 
pendent of the cutting speed and are dependent upon the cross 
section of the chip. It is evident from this principle that tungsten- 
carbide tools should be used at relatively high speeds and for light 
cuts in order to keep tool breakage at a minimum. As shown by 
equation (2), the cutting speed varies as the one-fifth power of the 
tool life. This indicates that a small change in cutting speed causes 
‘ correspondingly large change in the tool life so that the higher 
Cutting speeds are obtained only at the expense of shorter tool life. 
The most economical cutting conditions must therefore be a com- 





‘S. L, Hoyt, Tungsten Carbide Tools Most Renumerative of Production Jobs, Iron Age, 124, p. 1173; 
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promise between several factors such as increase in cutting spe 
with decrease in tool life and tool breakage in order to remove th 
maximum amount of metal in the minimum time at the least cost. 

Some idea of the relation between the cutting speeds associate 
with tungsten-carbide tools and high-speed steel tools may be ob. 
tained from the cutting speed—tool life curves reproduced in Figur, 
12. Attention is directed to the fact that the two curves were no 
made under identical conditions of cutting, and only a general cop. 
parison can be made from these results. For example, the tungsten. 
carbide tools were larger than those used in the high-speed ste¢| 
experiments and the tool angles were different for the two types of 
tools. 

The high-speed steel tools were of the 18 per cent tungsten type, 
quenched in oil from 2,400° F. and tempered at 1,100° F. These 
tools were 0.25 by 0.5 inch in size, and were ground to a front and 
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Figure 12.—Summary of relation between cutting speed and tool life with 
tungsten carbide and high speed steel lathe tools 
Tests were run ‘“‘dry’’ with the size and form of tools shown in report. Properties of forgings 
given in Table 2 
For cemented tungsten carbide tools, line drawn according to equation 
VT? =325 
For high-speed steel tools line drawn according to equation 
1 
VT? =138 
in which 
V=cutting speed, feet per minute. 
T'=tool life, minutes. 


side clearance of 6°, side slope of 8°, back slope of 14°, and a nose 
radius of 0.125 inch. The cutting materials (as shown in Table 2) 
had approximately the same chemical and physical properties, but 
as already pointed out, it does not necessarily follow that the two 
forgings have the same cutting properties. Both forgings were 0 
the 3.5 per cent nickel type, heat treated to give a tensile strength 
of about 85,000 lbs. /in.? 
Figure 12 shows that considerably higher cutting speeds (unde 
certain conditions) were obtained with the tungsten-carbide tools 
than with the high-speed steel tools. Also, the slope of the straight 
lines representing the relations between cutting speed and tool li 
with the logarithmetic system of coordinates were different for the 
two types of tools. The slope of the curves obtained with the 
tungsten-carbide tools was greater than that obtained with the high 
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Digges) 


need steel tools. This means that the two curves tend to approach 
ach other, and the differences between the cutting speeds of the two 
aterials decrease with increase in tool life. If these curves are 
extrapolated to an extremely long tool life, then the curves will 
ross and the high-speed steel tools would show higher cutting speeds 
han the tungsten-carbide tools. However, such long time cutting 
an not be extrapolated with any degree of accuracy from the pres- 
nt empirical equations, and it is also doubtful if cutting conditions 
sulting in such long tool life would ever be practicable in modern 
hops from an economical standpoint. 

Cemented tungsten-carbide tools have the property of red hard- 
ss to a remarkable degree. This property permits higher cutting 
peeds under certain conditions than is the case with the best tool 
teels. 

While the tungsten-carbide tools were considerably superior to 
hose of high-speed steel in cutting 3.5 per cent nickel-steel forgings 
{ about 85,000 Ibs./in.* tensile strength, it does not follow that the 
ame degree of superiority will be obtained under widely different 
uitting conditions, especially where heavy feeds and deep cuts are 
sed. Therefore, it is necessary to know exactly the cutting con- 
jitions in order to make a comparison of the two types of tools. 

No direct indication of the performance of the tungsten-carbide 
tools could be detected by the types of chips produced in the lathe 
ests. In general, the chips came off in very long ribbons during the 
ist part of the cut and then became shorter with more curl as the 
cutting time increased. A short time before tool failure the chips 
were approximately 0.5 to 1 inch in length. While these chips were 
haracteristic for some of the conditions employed, especially with 
tools tested on forgings No. 52, they were not characteristic of the 
tools tested under conditions of varying depths of cut on forgings 
Nos. 54 and 55. In the latter case the long chips often continued 
intil tool failure. 

The power required in cutting was determined in all of the lathe 
tests with tungsten-carbide tools and was determined at frequent 
intervals throughout the life of the lathe tools, so that only average 
values were obtained. The instruments used, however, did not 
permit determinations of the fluctuations or the maximum momentary 
power consumption. The results given in Table 3 show that at con- 
sant feed and depth of cut the power was approximately propor- 
tonal to the cutting speed. The exact relations between the feed 
aud depth of cut and the power consumed can not be established 
it this time. The results given in Tables 4 and 5 show that there 
was an increase in the power with increase in feed or depth. How- 
eer, as already pointed out, the feed and depth experiments were 
lot made at a constant speed, so that the magnitude of the changes 
power due to changes in feed or depth can not be established from 
the limited number of tests made. The power determinations are 
cluded with the test results in order to show that it is necessary to 
lave machines equipped with powerful driving units in order to 
tlize the full capacity of tungsten-carbide tools, 
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VII. SUMMARY AND CONCLUSIONS 


1. The primary object of this investigation was to develop a methoj 
of testing tungsten-carbide lathe tools under heavy duty and j 
extend to the new cutting material some of the empirical laws origi. 
nally developed by Taylor and his associates for tough turning yit} 
carbon and high-speed steel tools. 

2. The so-called lathe breakdown test for high-speed steels wa; 
found applicable for testing cemented tungsten-carbide tools unde 
heavy duty. 

3. The characteristics of the cutting speed—tool life curves {y 
tungsten carbide tools—were similar to those of high-speed ste9| 
tools. 

4. In dry rough turning 3.5 per cent nickel steel of about 105,00) 
ibs./in.* tensile strength, with a constant feed, death of cut, tool size 
and form, the relation between cutting speed and tool life within th 
life range of 9 to 156 minutes may be represented by the empiric! 
equation 

VT"=c 


where 


V =the cutting speed in feet per minute. 
T =the tool life in minutes. 
1 
n= constant = 5 
c=constant which is dependent upon the conditions of cutting 
It will vary with the form and size of tools, materials cu, 
feed and depth of cut. 


5. For a given area of cut, higher cutting speeds are obtained with 
deep cuts and fine feeds (within limits) than with shallow cuts and 
coarse feeds. 

6. The relation between cutting speed, feed, and depth of cut in 
terms of the experimental conditions may be represented by th 


empirical equation 
VF°-8 [p? = K=12 


in which 


V =the cutting speed for a selected tool life. 
F=feed in inches per revolution. 

D= depth of cut in inches. 

K=constant = 12 for the experimental conditions. 


7. Higher cutting speeds are obtained with cemented tungste- 
carbide tools under certain conditions of cutting than with high- 
speed steel tools. 

8. Cemented tungsten-carbide tools are brittle, put when propery 
supported will produce excellent results under certain cutting co 
ditions. 

9. High cutting speeds with relatively fine cuts are more favorable 
to the successful application of tungsten-carbide tools than heavy 
cuts at slower speeds. 

10. Machines capable of operating at high speeds with poweritl 
driving units are necessary to utilize the full cutting capacity ° 
cemented tungsten-carbide tools. 
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HEAT TRANSFER THROUGH MET AL-INCLOSED 
INSULATION 


By M. S. Van Dusen 


ABSTRACT 


The paper gives a mathematical treatment of the problem of heat transfer 
hrough an insulated metal-inclosed panel, such as a sheet-metal door, con- 
iting essentially of a sheet-metal box filled with insulating material. The 
ratment is necessarily approximate, but the approximations involved are 
curate enough for practical purposes. The effect of a solid metal thermal 
hort circuit, such as a supporting member extending from one metal surface 
the other, is also considered. Calculations and graphs are included, showing 
ne relative magnitude of the heat transfer by metallic induction in a number 
¥ cases which might be considered in the design of this type of construction. 
tis shown that the increase in heat transfer through a metal-inclosed panel 
lie to the presence of the metal may be as high as J} per cent in many cases 
h might be considered in practical design. 


CONTENTS 


I. Introduction 
I]. Mathematical theory 
|. Effect of a small thermal short circuit in the central portion of a 
panel ee 
iV, Appendix f. Metal ed@es=< 0.20 2s04.42-2-2-22-.- 
\, Appendix II, Thermal short circuit 


I. INTRODUCTION 


The question of heat transfer through what might be termed an 
nsulated panel, consisting of a slab of insulating material completely 
nosed by sheet metal, the dimensions of the sides being large in 
omparison with the thickness of the panel, has been raised on a 
umber of occasions, but the effect of metallic conduction around 
ie edges of such a panel apparently has been a matter of conjecture. 
lisulated construction of this kind has many points in its favor, 
he principal one being that the insulating material is effectively 
eled against moisture for a long period. The importance of this 
1 refrigerator or cold-storage construction is well known. It is 
vident that definite information regarding the edge effect will be 
seful in the design of insulated construction of the metal-inclosed 
ype. This paper offers a solution of the problem; necessarily 
b)proximate, but accurate enough for practical purposes. 


II. MATHEMATICAL THEORY 


It does not appear necessary to give the detailed mathematical 
oe Pee . . . . “ . 

alysis at this point,' but it will be of interest to state the assump- 
tons made and to indicate the general line of reasoning. Consider 





Detailed analysis is given in the appendixes. 
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a cross section (parallel to the general direction of heat flow) of » 
“insulated panel,” together with adjacent ones, as shown by fy. 
ure 1. ym 

The warm surface of the panel receives heat from the warme 
air (at temperature @,) in contact with it, part of which is conducia 
through the insulation and part through the metal around the edga 
Since the thermal conductivity of the metal is much greater tha 
that of the insulating material, the temperature at the point A yj 
be lower than that at C, and the temperature at B will be high 
than that at D. By symmetry, however, the temperature on th 
plane HF will be the mean between @ and 6,, neglecting unimportan; 
variations with temperature of thermal conductivity and _ surfae¢ 
resistance. Bearing this picture in mind, the following assumption 
have been made: 

1. Heat transfer between the warm air and the warm surface ¢ 
the panel is proportional to the temperature difference between the 
warm air and the metal surface. 


AIR AT TEMPERATURE 6, 











AIR AT TEMPERATURE 0, 


Figure 1.—Cross section of circular panel with complete metal inclosure 


2. Heat transfer at any point between the warm metal surface and 
the insulation is proportional to the temperature difference between 
the metal at that point and the middle plane EF. Subsequent 
numerical calculations show that this approximation is accurate 
enough for practical purposes. 

3. The sheet metal is relatively so thin and is such a good conductor 
compared to the insulation that temperature gradients in the metal 
perpendicular to its surface are negligible. 

4. That portion of the metal between A and B suffers no net gain 
or loss of heat. This assumption is justified by considerations 0 
symmetry. 

5. Similar assumptions obviously apply to the cold metal surface. 

It will be evident that the presence of the metal increases the heat 
transfer, but at the same time the heat transfer through the inst- 
lating material is less than it would have been were there no meta 
present. The net increase in heat transfer is the difference between 
these two effects. 

Even with the simplifying assumptions enumerated above, the 
rigorous solution for a rectangular panel appears to be extremely 
complex. The solutions for a panel having a very large area so that 
corner effects can be neglected, and for a circular panel, however, 8° 
comparatively easy to obtain. In the range of practical cases the 
difference between these two solutions is so small that the uncertainty 
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n their use for calculations applied to a rectangular panel is of no 
ractical importance. The solution for a circular panel will be used 
n most of the numerical calculations, since it represents the closer 
: yproxims ition. 

The following notation will be used: 


thermal conductivity of metal. 
thickness of metal. 
-thickness of insulation. 
-=thermal conductivity of insulating material. 
-surface conductance per unit area between air and metal. 
area of panel. 
perimeter of panel. 
net percentage increase in heat transfer due to presence of metal 
edges (basis, heat transfer without metal edges). 
transmittance of panel (total rate of heat transfer per unit 
temperature difference between air on both sides). 


For a circular panel: 


Pah 


ah+k ah+k 
"Ab — aed 





J (24 Vz *) 
P akt (2) 


ui 2A Jah k 





ia Oe de ed 


The quantity is a real function of the Bessel’s functions Jp and J; 
vith pure imaginary arguments, and approaches unity with increasing 
ize of panel. In the limit, therefore, equation (1) reduces to 


Pah smeecios : 
“a ah+k | oT 





(3) 
kt akt 


Equation (3) can also be obtained by a direct method not involving 

he use of Bessel’s cylindrical functions. The differences between 

quation (3) and equation (1) are only a few per cent for panels as 
large as 10 square feet in ares 

Ifh is very large, which amounts to saying that the temperature 

nadient in the metal edge is the same as that in the insulating mate- 
ral far removed from the edge, equation (3) reduces to: 


PRt 
Ak 


hich could be written down directly from elementary principles, and 
represents the case in which the edge effect is greatest. 


[= (4) 





'The derivation of this equation is given in Appendix I. 
“See Appendix I, 


118793°—30——12 
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If no metal were present around the edges, the transmittance ( oj 
any panel would be: 
Akh 


~ Dah + 2k (5) 


C 


The transmittance 7 of any panel with complete metal inclosure jj 
evidently equal to C (1+ J). 
From (5) and (1), 


al Akh Pah 


~ Qah+ 2k ee ai AF nn jah + | 
““L Kt V akt 


iS 


So 
3° 


3 


$ 


4 
Ww 
w 
Y 
z 
< 
x 
i 
a 
< 
WwW 
= 
4 
Ww 
Ww 
< 
Wu 
aw 
] 
2 
K 
Zz 
WwW 
O 
4 
Ww 
a 


0.01 0.02 0.03 0.04 
THICKNESS OF SHEET METAL - INCHES 


Figure 2.—Per cent increase in heat transfer through 40 by 40 inch panel, 
due to complete steel inclosure 


Numerical calculations of practical cases show that the heat flow 
through the metal edges is not greatly affected even if the insulation 
is considered perfect. In such an event no assumption of linear heat 
flow through the insulating material is necessary, and it is therefor 
concluded that this assumption introduces no significant error in thi 
calculation of heat flow in the metal. Numerical calculation als 
shows that the percentage decrease in heat transfer through the insula 
tion due to the presence of the metal edges is small, and therefore th 
error involved in the assumption of linear heat flow through the inst 
lation is practically insignificant. 

Figure 2 shows the percentage increase (J, equation (1)) in heaf 
transfer resulting from the use of a metal inclosure, plotted agains 
the thickness of the metal (steel) used for the inclosure. A family 0 
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rves is shown, each member applying to a particular thickness of 
ssulation. It will be noted that the percentage increase in heat 
ansfer increases with thickness of insulation. The absolute increase 
» heat transfer, however, decreases with increasing thickness of insu- 
tion, as must be evident from elementary principles. Figure 3 shows 
ne absolute values of the resistance and transmittance, plotted 
ainst thickness of insulation. Each curve corresponds to a par- 
cular thickness of metal. 

In the calculations the following data have been used: 


.=(.002 B. t. u. hour! inch (°F.)~! (average insulating material). 
:=0.01 B. t. u. hour7! inch~? (°F.)~! (still air). 
‘=2 B. t. u. hour~ inch (°F.)~! (steel). 


=(.1 inch~ (40 by 40 inch panel). 


NO METAL 


° 


0.01" METAL 


F. 
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® 
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w w nr 
° ow 


° 


t 2 3 4 
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Figure 3.—Transmittance and resistance of 40 by 
40 inch panel, as affected by the thickness of panel 
and thickness of steel inclosure 


‘ince the percentage increase in heat transfer is nearly proportional 
P ' ; , 
0 the value of -, values for panels of various sizes can readily be 


imputed by a simple multiplication. To avoid inconsistencies, a 
gle unit of length (the inch) has been used throughout. Round 





miliar hybrid conductivity unit containing two units of length, the inch and the foot, is ver 
hient and illogical in dealing with heat flow in more than one direction. British units are used, 
¢ majority of American engineers, to whom the paper is primarily addressed, are accustomed to 
terms of these units. The advantages of a decimal system are very great, but so many extraneous 
rt example, the calorie, have been introduced into the various metric systems that the latter are 
as bad as the various British systems. The universal use of decimal multiples of c. g. s. units would 
4 great step forward. 
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Voi 


numbers, closely approximating average experimental values, hy 
been used for the thermal properties of the materials. For relatiyg 
small changes in the value of k (through the range of ordinary j 
sulating materials) the percentage increase in heat transfer js 
proximately inversely proportional to k.2 The effect of changes; 
the value of h can not be approximated so simply, and recourse mj 
be made to the original equations. The value of the quantity , 
varies little in the range of practical cases, and the average valve, 
1.05 is sufficiently close. In the calculations for Figure 2, y yard 
from 1.03 to 1.07. 


III. EFFECT OF A SMALL THERMAL SHORT CIRCUIT 
IN THE CENTRAL PORTION OF A PANEL 


In Figure 4, R is a rod of radius 7, in metallic thermal conti 
with the sheet metal on both sides of the panel. This thermal sho 
circuit is assumed to have the same thermal conductivity as the she 
metal, and to be far enough removed (a foot or so) from the ede 
or from other similar rods such that the effects of the latter on th 


AIR AT TEMPERATURE QO, 





a. ee 


Cit: NG! 
“lle Ty a 


od, Er ee ae V/] 


AIR AT TEMPERATURE 0 











Figure 4.—Cross section of metal covered panel with metal short circuiting 
conneciton 


particular rod in question are negligible. Outline of the solution: 
this problem is given in Appendix II. If the rate of heat flow throw 
the rod is denoted by H:, then for rod diameters up to about one-hi 
inch, 
moh (82 — 4) 
H, 2ata’ + rare 
where 


1.12 
A= 2.3ar, logio~ 
and 
,_ah+k 


he 


The effect of the presence of the metal connection on heat flo 


through the insulation is not significant, since the area of the insu 





F 5 The approximation becomes less exact as the thickness of the insulation is decreased. _ a 
6 Values of y for values of the argument greater than 4 (always the case in a panel of practical dimensi 
can readily be computed by means of the very good approximation 


Jo(iz) z 
ye 


ids (iz)” Vz-1 
This equation can be deduced from the semiconvergent expressions for Bessel’s functions. 






(10 


BTU PER HR DEG F. 


TRANGMITTAAICE OF SHORT CIRCUIT 
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, is very large compared with that of the disturbed region around 
metal connection. 
he rate of heat flow through a steel short circuit is plotted in 
re 5. The figure is self-explanatory and need not be discussed 
ny extent. By comparing the values with those in Figure 3, 
‘Il be noticed that the transmittance of a short circuit of reasonable 
>is small compared to that of a 40 by 40 inch panel. 

{ the short-circuiting rod is not in metallic thermal contact with 
metal surfaces, or if no metal surfaces are present, its effect is 
ctically insignificant on account of its relatively small area. A 
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FicurE 5,—Effective transmittance of thermal short circuiting steel con- 
nection, as affected by thickness of panel and size of metal connection 


Sheet steel on surfaces 0.02 inch thick. 


d example of this is a nail running completely through the insula- 
1. In such a case the heat flow is evidently given by 


m2" (82 —6;)h 


H,= D) 


(11) 


e thermal resistance of the rod itself being negligible in comparison 
th the surface resistances on each end.’ 





For a discussion of the effect of metallic members projecting part way into the insulating material, see 
E. Schofield, Phil. Mag., 7 series, 5, p. 567; 1928. 
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IV. APPENDIX I. METAL EDGES 


Figure 1 shows a cross section of a circular panel surrounde 
the edges in such a way that no heat is lost or gained laterally, 
general outline of the procedure and the assumptions used jp ; 
derivation of the equations has already been given and will no 
repeated here. 

Consider the state of affairs in the metal on the warm side 2=" 
with particular reference to any ring element of infinitesimally sy 
width ér. It is evident from symmetry that the temperatur 
uniform around the ring. 

Rate of heat gain from air at @, to element =2zrérh(6,— 6) wher 
is the temperature at the distance r from the center. 

Rate of heat loss to insulation = 


2 rrr] 0 _ b+ 6, ] 
a 2 


Rate of heat gain by metallic conduction = 


dé 
= Kt 2ary. 


Rate of heat loss by metallic conduction = 


do, df dé 
— anki r+ $ ro ir | 


In a steady state of heat flow the element under considerati 
suffers no net gain or loss of heat. Equating the gains to the los 
we obtain 


do ,1d0 (h,k h k eo 
dr +e (etame)* (atom) ga — 
Denoting the coefficient of @ by a? and the sum of the const 
terms by b, we have 
#140 
dr? rdr 


This is a modified form of Bessel’s equation of order zero, at 
particular solution is easily found to be 


= Ad (var) + ’, 


where A is an arbitrary constant, J) denotes the Bessel function 
zero order, and 7 is the usual symbol for ¥—1 The function 
a real function of the pure imaginary argument iar. 

The complete solution of equation (2) will contain a Bessel’s fu 
tion of the second kind which becomes infinite at the origin, and 4 
not, therefore, appear in the solution of the present problem. 
denotes the temperature (as yet unknown) of the edge r=" 
z=2a, then equation (3) becomes 


(0 b\ olin) . 


, Jo (iar;) a 





c\Jo(ier), ¢ 


a. Jo (tar) oe 
ere 6, is the temperature on the cold edge r=r, and z=0, and 
h k k 
4 — cmnteseicbeigremin ne : | an 
¢ (Gaitzar)o+saRe? (6) 
Since no heat is lost or gained by the metal along the edge, the 
perature distribution in the metal at the edges must be linear 
ng the 2 axis. In terms of the unknown temperatures 6; and 4, 
js distribution is given by 


6,— 6. fod 
6=6,+ =? (7) 


The unknown temperatures 6; and @, can be evaluated by con- 
lering the fact that there can be no discontinuity in temperature 
dient in the metal where it bends around the edges. We therefore 
n write 


00 06 
() > 7 oo (on warm side) (8) 


0 r) ; 
(5), -(5),-. (on cold side) (9) 


Differentiating equations (4), (5), and (7), yields, respectively : 


0) __(, 8) wWitars) 

*), =o (4, oF ae Jo(iar,) (10) 
00) _ _(9 ©), Wilian) 

(5), 4 (a a ws Jo(iar;) (1 1) 


06 _ O3;— 6, 
(52) Qa (12) 


The values of 6; and 6, can be obtained by the use of these equa- 
Substituting their values in equations (4) and (5). and defin- 


ga quantity, 
J (var) 


~~ ted; (er; ) 
have finally 


Pave __7(b=c) Jo(iar) 
oe § 2a*(y+aa) Jo(iar;) 


a _y(b-c) Jpliar) 
a 20?(y+aa) Jo(iar;) 


The temperature difference A@ between corresponding points at 
a and z2=0 on a cylinder of radius r is the difference between 
uations (13) and (14), or 

b—c_ y(b-c) Jliar) 


ee ae Pda Jo (tar; ) (15) 





(warm side) (13) 





(cold side) (14) 
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The rate of heat transfer through the insulation (on the origi, 
assumption of linear flow) is given by , 


i= | ‘oar & Abdr 
0 2 


Substituting equation (15) in equation (16) and integrating, yiqj 


_tk(b—-ec)r?f,_ 2 
H,= 2ac* E ray aay | 


If no metal were present around the edges, a very elementary ¢ 
culation shows that the rate of heat transfer would be equal to ¢} 
coefficient of the bracketed expression in equation (17). The deereg 
in heat flow through the insulation, due to the presence of the mei; 
around the edges, is therefore given by 


ak(b—c)r, 
aa} (y+ daa) 


The heat flow through the metal edge is evidently given by ¢ 
expression: 


By the use of equations (13) and (14), this expression is eas! 
evaluated and found to be: 


mr Kt(b -— ¢) 
a(y+aa) 


The net increase 4/7 in total rate of heat flow through the panel, di 
to the presence of the metal edges, is the difference between equatiol 
(20) and (18), or 


:—_ mr (b—c) a k 91 
AH = a(y + aa) Kt aa a 


Were there no metal present around the edges, the total rate of hes 
transfer H through the panel would be 


2 
_ rihk (6; — 61) 
B=" (ah +k) 


The percentage increase in heat transfer, due to the presence of tht 
AH , ae 
metal edges, is equal to _ Substituting the values of b, c, and« 


we have finally, 





aH _ 2ah 
H ah+k ah+k 
kr (a +1 ORE 
P 


This is identical with equation (1) in the text, since =" 
1 a 
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\ similar analysis applied to an infinite straightedge (therefore 
suning at the outset that the heat flow in the metal edge is directly 
portional to the length of the edge and independent of the area of 
» panel) involves the use of exponential functions and_ yields 
ation (23) in the special limiting case where y > 1. Evidently 
; must necessarily follow, and amounts to nothing more than a 
ck on the analysis. 


Vv. APPENDIX II, THERMAL SHORT CIRCUIT 


Referring to Figure 4, the differential equation of heat flow in the 
tal surfaces in the range r>r, is evidently the same as in the previ- 
s case. The particular solution required, however, is different, 
ice the boundary conditions are different. We are no longer con- 
ned with the value of 6 when r=0, but when the value of r becomes 
ze, @must approach the value it would assume were there no metal 
rt circuits. The general solution of equation (2), Appendix I is 


6= A’ J)(iar) + B’ Yo (iar) + M (1) 


sy choosing certain values of the arbitrary constants A’ and B’, 
bcan write 
u (2) 


9 Al log F |te Giar)| - Foliar) " 


The quantity in the braces is real, vanishes for infinite values of 
; . ‘ ' b. 
and is therefore the solution required, since a2 is the temperature of 


emetal surface were there no metal short circuits present. 

Y is the more common notation for Bessel’s functions of the second 
id, although many other notations are used. § is a fixed numerical 
nstant having the value 1.7811. The bracketed expression in 
uation (2) is a real function of r and was denoted by Hankel® as 


5 Ho(iar) 


hen r=r, and z= 2a, 0= 63. 


iminating the constant A from equation (2) by this means yields 


_5b _ b6\A (ar ) 
a (0 aA o (tar) 


lid in the range r>r, and 2a—t<z<2a. 

Within the cylindrical rod short circuiting the two thin metal sur- 
es, we must satisfy the equation V?0=0 with the following bound- 
Y conditions: When 


0 +4, 
me 


— 


z=a, 0 


Se Jahnke-Emde ‘‘ Funktionentafeln mit Formeln und Kurven,” Teubner, p. 94; 1909. 
Hankel, Mathematische Annalen, 1, p. 483; 1869; 8, p. 453; 1875. 
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(neglecting the very small amount of heat: recgiy 
directly from the warm air over the relatiy; 
small area zr,”). * 


2a—t 2a) 060 (dé P 
i sat “|, —“ a) from equation (3) 


ne 09 _ 9 


r=TP, Or 


The solution satisfying these conditions, valid in the range ; 
and a<z<2a, can be found without great difficulty, and is as folloy 





b eo ,. (22—1)e . (Qn—1)at 
_6; +o, 800( 23 a). sin 5 sn 


ot Qn— 1h iPS) 


6 








2 Ar? 





- (2n—1)xr(z—a) .(2n—1)ar 
_ 2a Jd i 2a ) 
where 
ide eee (vers) 
~ 1H, (iar) 


At the boundary region r=r, and 2a—t<z<2a, equations (3) 
(4) should give identical values of temperature (63) as well as nom 
derivative, in order to satisfy the physical demand of continuity 
temperature. Evidently they will not do this exactly, but the | 
crepancy is negligible, since over the small distance from z=2a-i 
z= 2a, the temperature given by equation (4) is very nearly constai 
The elimination of @, by using equations (3) and (4) is therei 
accurate enough for the present purpose. 

When r=7, and z=2a 


i ao: (2n—1) xt pss) 
pag ts Ce 2 hy asa CO 
=e dr? (2n—1)? . Ce 
- sa =D) 

2a 





Solving for 6, 
8ab SV, +4, 
_ Wea hom 2 
m2 8aa 
> = 
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The rate of heat flow, H,, down the metal rod is evidently equal 


2ar,Kt (from equation (3)) 


H,=?7Kie( 2 9)) 


therefore, 
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pstituting the value of 6;, we have 
6. + 0; 8ab 


GenMial b> 2 ‘oan | 
os om he (8) 
r a 1 4 8da 
wr 


he series, denoted by the abbreviation 2, is approximately equal, 
small values of rz less than about 0.25 inch, to the expression 
_mt 
4r, 
This equation is obtained by considering the limiting forms of 
ression of the quantities involved as r, approaches zero. The 
pitations of the approximation can be shown only by numerical 
culation. The approximate value of \ (equation (9) in text) is 
least as accurate as the approximation for 2, and was obtained by 
esame method. a 
Using this approximation, and substituting the value of the quan- 
yb, we have finally, after considerable algebra, 
ary*h 6. ait 6 


~ Qata? + rear 


H,= 





This expression can be obtained directly by assuming at the outset 
at each end of the metal short-circuiting post has an infinitely 
nducting surface layer of small thickness ¢. 


Wasnineton, April 30, 1930. 
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CTS OF GASES ON PHOTOIONIZATION OF CAESIUM 
BY LINE ABSORPTION 


By F. L. Mohler and C. Boeckner 


ABSTRACT 


Relative measurements of the photoionization by line absorption in cxesium 
nor with and without foreign gases were made by the space-charge method. 
the effect of a collision with a gas molecule is to change the probability of 
‘ization from EF, to Ey, then the probability EZ, at a gas pressure p is given by 


3 a Bl: 
7 eE— 5 (1+ 4075) 


ere A is a known constant, o is the distance between atom centers at collision 
dr’ is the life of the excited state. 

Nitrogen reduces the ionization of states 4 P to 8 P by about the same amounts. 
7 isof the order of 10-2! cm? sec. and E;/E,=0.1. Hydrogen gives about 
esame result. Helium increases the ionization of 4 P (E;/E, for 4 FP; is 3) and 
creases the effect of other lines to 60 or 70 per cent at high pressure. o? 7’ is 
rl for 5 P and less for other states. Argon gives very little effect. The 
ectiveness of nitrogen increases about threefold when the cxsium pressure is 
anged from 0.012 to 0.002 mm, and the computed change in r’ accounts for 
is variation. Results indicate a value of o between 1.4 and 4X10-® for all 
eign gases, while the value for the Cs-Cs collision giving ionization was ten 
es this, 


CONTENTS 


I. Procedure 
], Experimental results — —- ~~ 

1. Nitrogen 

2. Helium 

3. Hydrogen 

4. Argon 

5. Effect of nitrogen as a function of cesium pressure 
. Discussion 


I. THEORY 


Another paper by the authors ' describes experiments on the photo- 
eciric ionization of cesium vapor by radiation of wave length 
uger than the absorption series limit. The results indicate that 
is ionization involves the production of an excited atom by line 
sorption and the subsequent collision of the excited atom and a 
meal atom. This supports a theory suggested by Franck that 
uzation results from the combination of an excited atom and a 
mal atom to form a molecule ion. 

this paper reports experiments on the modifications of this ioniza- 
on which are produced when foreign gases are added to the cesium. 
le results can be understood without any assumptions as to the 


' Mohler and Boeckner, B, §, Jour, Research, § (RP186), p, 51; July, 1930, 
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mechanism of the ionization process except that excited atoms jj 
with normal cxsium atoms and are ionized with a probability yj; 
depends on the state of excitation. The collisions with other gt) 
will change the state of excitation and modify the probability, 
ionization. : 
The ionization process is itself a collision process, and g }; 
recapitulation of the theory and results presented in the first py 
will be given here. Experimental data were reduced to value 
the probability F of ionization of the different excited states expres 
as a function of the cesium pressure. The probability of a collig: 
during the lifetime of an excited state ? is 


. 
| een 

T+r 
where 7 is the mean time between collisions and + the mean life 
the excited state. For the general case of two gases of molecu 
weights m,; and m, 


Mm, + Mz 
so ’ 
mM, Me 


1 


i A o*p 


’ A =2.0X 10%/ 


Biss aldlenc | 
P ‘"Aerp ( 


where p is the pressure in millimeters of mercury and ¢ is the distan 
of approach of the two atoms at collision. The constant is evaluate 
for a working temperature of 500° K. 

We assume that the probability of ionization EF at a pressure p 
equal to the probability of ionization at a collision, E,, times th 
probability of a collision during the life of the excited state 


E=E, P 


1 1 1 oe ) 
E7EA “Aotp 


Plots of reciprocals of EF and p gave straight lines and Table | 
peats the numerical values of E, and o*r derived from these line 
Collisions with cesium atoms modify the lives of the excited state 
If we assume that each collision destroys the excited state, then ti 
actual life 7’ is given by 

“ii +m 


At the pressure for which E= 5 E., 7=T and a5. 


For states 5 P to 8 P the half value is reached at nearly the sam 
pressure 0.0038 mm, and from this one can compute the ratio of ' 
to 7 for any cesium pressure. 


5 ie a: Saas 
7-149 0038 





2 Turner, Phys. Rev., 23, p. 464; 1924. 
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TABLE 1.—Constants for cesium-cxesium collisions ! 
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0.22 10-19 | 0.02 

1.0X10-¥ -0042 
.0032 
0042 
.0038 


=SA28 
moO 
“100 “Ibo 


1.2X10- .0032 
3.3X 10-19 0011 
. 16X 10-1" .0002 
| ‘ 48 X 10-19 .00007 


LHAW CWWH WS 
now oe 
on 
SSS 


: 























Mohler and Boeckner, B. S. Jour. Research, 5 (RP186); July, 1930. 


The collision of an excited atom with a foreign gas will change the 
obability of ionization, and the simplest case is when the collision 
uces the probability to zero. Then, if H, is the probability of 
ization in pure cesium vapor at a fixed vapor pressure and EH, the 
obability of ionization with a foreign gas at a partial pressure, p, 
e probability of collision of an excited atom with the foreign gas is 


E, 
ore generally the collision will change the probability of ionization 
mE, to Ey and 
fa —-E, E,—E, E, 


oA ae oe 


huation (2) becomes 


we? Big 
EE,” E- a( 1+ zee) (6) 


II. PROCEDURE 





We use as before the neutralizing effect of positive ions on a ther- 
ionic current limited by negative space charge to measure the 
otoionization. Curves of photoionization as a function of wave 
ngth are obtained in pure cesium and in cesium with a foreign 
s&s. The gas reduces the amplification factor of the space-charge 
ibe by an unknown amount, but we can safely assume that the 
sence of gas does not change the number of ions produced by di- 
et ionization by wave lengths shorter than the series limit (3,184). 
the two curves are reduced to the same scale of ordinates at and 
tvond the limit, then the ratio of ordinates at any wave length in 
le region of line absorption measures the effect of the foreign gas 
1 the process of ionization. If the line absorption is not changed 
the gas, this ratio of ordinates is Z,/E,, the ratio of probabilities 
lionization of an excited atom with and without the gas present. 
bsorption lines are broadened by foreign gas, but by an amount 
at can be neglected for the low pressures here used.* 





‘Fiichtbauer and Hoffman, Ann. der Phys., 43, p, 96, 1914, give the broadening of cesium lines by 
Mogen as 0.3 A at 2,360 mm, or 0,00013 A per mm, 
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To improve precision we have used a refinement of the space-y 
method developed by Lawrence and Edlefsen* in most of this vd 
Instead of balancing the dark current in a 2-electrode tube, ther, 
two cylindrical anodes around a single axial cathode. Lig 
admitted to one chamber and the resulting difference in curry 
the two anodes is measured. This automatically compensate | 
small fluctuations. We have followed the general scheme of yj 
design and electrical circuits described by Lawrence and El 
except that illumination was through a slit in the side of one cylin 

The tubing connecting the ionization chamber to the pumps) 
a 2 cm section of 1 mm capillary tubing at about 15 cm fron; 
chamber, and the cesium was kept on the chamber side of the: C49 
lary and maintained by a separate heater at the temperature wii 
determined the vapor pressure. Liquid cxsium quickly collectei 
the constriction and sealed it, preventing rapid loss into the py 
system. Application of a flame opened the chamber to the rest of; 
system whenever it was desired. A mercury cut-off on the p 
side of a liquid air trap and McLeod gauge served to admit anld 
the gas. 

Light from a Mazda projection lamp, resolved by a Baust 
Lomb monochromator, was used for continuous spectrum illuni 
nation. Studies of the effect of the 3,888 helium line were made 
direct comparison with the effect of the 3,130 mercury line. 
mercury arc and a helium tube were arranged so that both illuminei 
the slit of the monochromator, and the comparison was maée| 
changing the monochromator setting. In this case the space cha 
effect is very large and not proportional to the intensity; so, fore 
condition, the current intensity relation had to be determined. 1 
helium line is coincident with 1 S—4 P, and gives excited atoms 
the state 4 P;. The continuous spectrum peak is the unresoi 
effect of 3,888 and 3,877 giving states 4 P, and 4 P», and the latte 
probably predominant because it is more strongly absorbed. 

It is to be expected that the effects of different gases are q 
sensitive to impurities, but it is not feasible to obtain high purity’ 
the usual technique of prolonged streaming or flushing out oft 
system without accumulating impurities in the cesium. This 
probably the chief source of experimental uncertainty, 


III. EXPERIMENTAL RESULTS 
1. NITROGEN 


‘Figure 1 shows curves of photoionization versus wave lengi! 
pure cesium at 0.005 mm, and in cesium vapor with 0.143 m 
nitrogen and with 2.25 mm. The effect is to reduce ionization 
line absorption at all lines on the red side of 3,200 A, and all resol 
lines are reduced by about the same magnitude. The sensitivit 
the space charge effect becomes very low for pressures greater {hil 
or 3 mm of nitrogen. Experiments on the ionization produced by‘ 
3,888 helium line gave results which were about the same as tht 
obtained by continuous spectrum excitation; showing that the st! 
4 P, and 4 P, are modified by nitrogen in much the same way. 





4 Lawrence and Edlefsen, Phys. Rev., 34 p. 233; 1929. 








| Effects of Gases on Phototonization 
rom the ratio of ordinates, H,/E,, we derive E,/(E,—E,) and 
ire 2 gives a plot of this function against 1/p. Results are not 
rate enough to prove that a linear relation exists, but straight 
fall well within the range of experimental error and permit an 
rpretation of results in terms of equation (6). From this equation 
see that if the probability of ionization is reduced to zero at a 
‘ion the intercept at 1/p=0 will be one. The intercept for the 
lved lines, 3,349 to 3,888, is nearly one but definitely above, both 
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Fiagure 1.—Ion current as a funtion of wave length 


The upper curve gives the effect in pure caesium, the middle curve with nitrogen at 0.143 mm, 
the iower curve with nitrogen at 2.25 mm. 


Figure 2 and in other similar runs. For settings near the limit, 
tably at 3,240, incomplete resolution may partially mask the pres- 
¢ variation and the observed difference between 3,240 and other 
ve lengths is in the direction to be expected from this cause. Of 
se, in reciprocal plots the error: becomes very great for large 
inates. The lines in Figure 2, unlike the reciprocal plots for 
ization as a function of pressure, do not change progressively as 
go to the higher states. 


118793°—30——13 
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2. HELIUM 


The effect of helium on photoionization is quite different froy 
of nitrogen. As it has a smaller effect on the space-charge 


\ + 
4 


eg 


wider pressure range could be studied. Figure 3 gives the pe 








1 
4 





i/p in mm 


Fictre 2.—Plots of E,/(E,—E,) versus 1/p for the effect of nitroger 
cxsium tonization 


change in ionization, E,/E,, as a function of pressure. The 100 
tion of states 4 P; and of 4 P, and 4 P, increases with the additio! 
helium and the increase is different for the two cases. The ionizai 
of all other states is decreased somewhat, and apparently the p 
ability has a minimum value at 2 or 3 mm and slowly increases 
higher pressure. 
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ots Ep — #’,) against 1/p are shown in Figure 4. The measure- 
mits at io er pressures give a basis for drawi ing the straight lines, 

. the observed increase at high pressures gives, of course, a large 
narture from the linear relation near 1/p =(), 














i l 
6 8 





p inmm. 
Figure 3.—E,/E, as a function of pressure of helium 


3. HYDROGEN 


“ easurements with hydrogen are subject to experimental uncer- 
tity because of reaction with the cesium. After admission of 
en the pressure continuously drops, and prolonged pumping 
ired to again attain a vacuum, After several days of pump- 
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ing the tube was sealed off and the pressure again rose sufficientjy} 
reduce sensitivity to line absorption to about 12 per cent of ¥ 
vacuum value. The hydrogen must modify the cesium part 
pressure, but our method eliminates first-order errors from this Cal 
Small hydrogen pressures give a marked decrease in the lonizatig 
and Table 2 gives results. A plot of E,/(E,— E,) against 1/p indica, 
that the best lines through observed points for states 5 P and 
have intercepts near one. For higher states data for measured pry 
sures do not fall on lines through 1 at 1/p=0 but the observed |p 
efficiency at an unknown high pressure indicates that for these stat 
too the intercept is nearly one and the other points are probably 
error. 














Ficure 4.—Plots of E,/(E,—E,) versus 1/p for the effect of helium on cesiu 


tzonization 


TaBLE 2.—Ionization with hydrogen as compared with pure cesium, E,/E, 


| Unknown 
| Line 0.02 mm | 0.08 mm | 0.15 mn high 
pressure 
| 


. 59 
. 52 
52 | 
- 68 
.78 





Hydrogen is the most common impurity in alkali vapors, and t 
results show that it can be a serious source of error in any experimen 
involving the duration of excited states. These experiments were, 
fact, initiated by the observation that hastily prepared ionizatid 
tubes gave an abnormally lowsensitivity toline absorption. Careiul] 
outgassed tubes seem to retain the full sensitivity, however, al 
sealing off, 





DUISIO 
Olt ar 
zat 


loniz 


ir Effects of Gases on Photoionization 407 
4. ARGON 


Argon gives a large reduction in space-charge effect and a small 
ange in relative sensitivity. Successive runs showed discrepancies 
ich suggest that impurities play an important part. The effect 
2 977 and 3,888 was increased roughly 20 per cent by the addition of 
son. The peaks at 3,612 and 3,477 were reduced to about 60 per 
nt by 2.6 mm of argon and other lines less. Reciprocal plots of data 
‘his and lower pressures indicate that the lines for states above 4 P 
yveintercepts near 1 at 1/p=0. 


;, EFFECT OF NITROGEN AS A FUNCTION OF CASIUM PRESSURE 


The above results apply to the effects of a foreign gas at a fixed 
psium pressure of 0.005mm. A series of measurements on the effect 
(.134 mm of nitrogen at various cesium pressures is given in Table 3. 
heresults show a marked increase in the effectiveness of nitrogen with 
creasing cesium pressure though accidental variations are rather 


reve. 


tp 3.—Effect of 0.134 mm of nitrogen at various cesium pressures in terms of 
7 7 
DP. o 


Cesium pressures 





0.0019 | 0.0028 0.0048 0.0126 





0. 68 0.89 
6 . 68 
43 
79 
. 85 
. 87 


- 95 








IV. DISCUSSION 


Other studies of the various effects produced when excited atoms 
lide with other atoms or molecules ® indicate that in some cases 
¢ predominant effect is a transition from the excited state to the 
pmal state; in other cases the most probable result is a change in 
state of excitation involving a minimum dissipation of energy. 
oeckner ° has studied resonance radiation of cesium excited by the 
‘88 helium line in pure cesium and in the presence of helium. In 
we cesium only those lines are emitted which result from per- 
ited radiation transitions from 4 P;. Helium collisions change the 
ite of excitation to the neighboring states 4 P, and 5 D, which 
lier from 4 P, by 0.01 and 0.04 volt, respectively. Transitions by 
ilsion to other states which all differ from 4 P; by more than 0.14 
it are quite negligible. The effect of helium was to increase the 
luzation produced by 3,888. We know that in pure cesium 4 P, 
ionized with roughly the same probability as 4 P,, so we conclude 
it the transitions to 5 D account for the change and that 5 D is 
ich more readily ionized than the 4 P states. 





lark and Urey, Atoms, Molecules, and Quanta; McGraw Hill Co. 
éckner, B, S, Jour, Research, 6 (RP184), p, 13; July, 1930. 
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For all other cases we have no direct evidence as to the transitip 
involved. It seems reasonable to assume that other excited States 
are also changed to neighboring states by helium collisions. in. 
collisions with hydrogen and nitrogen reduce the probability td 
nearly zero, we conclude that most ‘collisions i in these gases giye 
nearly complete dissipation of energy. It is interesting to note th 
experiments on collision effects with excited mercury in the 2 ‘p 
state show that hydrogen and oxygen reduce the atom to the norm 
state, while for nitrogen, as well as for the noble gases, the predon 
nant effect is the minimum energy change from 2 *P, to 2 °P,. 

Numerical values of o?7’ and of E,,E, are given in Table 4 for 

every case where experimental data justified a numerical estima 
They are computed from the slopes and intercepts of the straigh 
lines given by reciprocal plots in accordance w ith equs utions (2) an 
(6). WwW e include for comparison values of o’7 for cesium-cesiuy 
collisions. or’ for 5 P and 6 P remains of the same magnitude fo 
all foreign gases except for the questionable value of argon. Th 
observed differences in effectiveness at the same pressure are x 
counted for by the change in A in equation (6). These values are al 
of the order of 1 per cent of o?r for cxsium-cé sium collisions. | 
the earlier paper we have estimated that for 5 P, 7 is less than 0 
and more than 10~° which leads to a value of the collision radius be 
tween 10-7 and 3X10" for cesium-cesium collisions. For foreig 
gases, 7’ is roughly % 7 and o between 1.4 and 4X10°° for 5? 
The radius for collisions with foreign gases agrees in magnitude wit! 
ordinary atomic dimensions; the radius for cesium-cesium collision 
is abnormal. The results show that the large radii are not dete 
mined by the electron charge distribution in states of high quantun 
number, for they are not characteristic of the state of excitation 


TABLE 4.—Constants for collisions of excited cesium with gases 
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Table 5 gives values of o? 7’ for nitrogen at various cesium pressu! 
based on a single observed point at 0. 134 mm of nitrogen al nd a valu 
of the intercept taken from Figure 2. The change in o? 7’ accordin 
to the simple theory given in the introduction depends on the chang 
in 7’ with Vapor pressure, for o should remain conbhadtt. We incluci 
in Table 5 computed values based on the variation of 7’ as given 
equation (5). There is a qualitative agreement, though the actl 


dental variations are large, 
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TaBLE 5.—Effect of nitrogen at various cesium pressures 
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This rough agreement is of some significance in connection with 
collision processes in pure cesium vapor. The derivation of the 
variation in actual life resulting from collisions with cesium atoms 
est on the assumption that i in a collision the excited state is destroyed 
whether or not ionization is produced. This assumption was intro- 
duced largely for simplicity. If excited states are destroyed only in 
the event of ionization, then the actual life will be modified much 
less than is predicted by equation (5). Observed variations are, if 
anything, greater than the predicted change. Support for the con- 
clusion that excited states are destroyed at collision is found in the 
observation by Boeckner that the resonance radiation excited by 
3888 becomes very faint when the cesium pressure is increased above 
e few thousandths and surface resonance was not observed at higher 
pr essures. 

In the earlier paper we give a picture of the ionization process which 
implies that some, if not all, of the collisions that fail to give ionization 
give band emission spectra. It will be of interest to look for a molecu- 
yr emission spectrum excited by atomic absorption under conditions 
of moderately high pressure. 

At the highest pressure given in Table 5 (0.012 mm) the value of 7’ 
isabout one-fifth of the radiation life for states 5 P to 8 P; and, to a 


: ‘ , ‘ . > 24 2 
frst approximation, we can neglect 7 in, the relation 777 + pand 


assume that 7’=7Z. Since T is proportional to 1/o? for czsium- 
cesium collisions, r’o? (nitrogen) 1s proportional to the ratio of o? 
for nitrogen to o? for cesium. The decrease in or’ as we go to higher 
states indicates a decrease in the ratio of collision areas for the two 
kinds of collisions. The collision areas for cesium-cesium collisions 
presumably decrease with increasing quantum number between 5 P 

d 10 P and the collision areas for cesium-nitrogen collisions decrease 
much faster. 

The magnitude of the collision area might be expected to depend on 
whether or not chemical combination can take place. At least this 
indicated in experiments by Lunn and Bichowsky ’ on the scattering 
of atomie hydrogen by foreign gases. The excited cesium-cesium 

lis ton involves a chemical reaction according to our viewpoint, 
uid the large collision area is to be expected. 

"We might expect that the nearly complete quenching given by 
both H. and N, results from a transfer of the excitation energy of the 
CBs Hr atom into vibration energy of the molecules. All ‘the m P 
levels fall in the range of discrete ‘Vibration states for both molecules. 
this suggests that ‘where the energy difference between an excited 


t, 





ninary note, Phys. Rey., 35, p, 563; 1930. 
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state and a vibrational level happens to be small, the value of ¢ yj 
be abnormally large. There is no evidence of any such effect and by 
gases give values of ¢ much like helium. 

The ‘theory, as presented in the introduction and in the earlier pape 
gives an ideally simplified picture of the complicated processes th 
are to be expected when an atom in a state of high quantum numb 
collides with another atom. There are many possible transitions, gy 
each will have a characteristic collision radius and efficiency. 1 
observed effect is presumably a sort of average of these differs, 
primary effects. Again, there are many sec ondary effects, such ; 
reabsorption of resonance radiation and successive collisions eit 
reversing or increasing the effect of the first collision. These will 
general, { give a curvature to the reciprocal plots and the procedure, 
drawing a straight line through observed points, which are t 
inaccurate to show a curvature, may involve a large systematj 
error. Detailed analyses of the results on quenching of resonang 
radiation in mercury vapor have shown that these secondary effe 
are by no means negligible. ® 

The important feature of this work is that for the first time it bh: 
been possible to obtain approximate values of o’r for a series | 
excited states in various gases with some qualitative evidence as t 
the effects produced at collision. 


Wasuineton, April 15, 1930. 





8 Foote, Phys. Rev., 30, p. 288; 1927 
Gaviola, Phys. Rev., 33, p. 309; 1929, 
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CALORIMETRIC DETERMINATION OF THERMAL PROP- 
ERTIES OF SATURATED WATER AND STEAM FROM 
0° TO 270° C. 

By N. S. Osborne, H. F. Stimson, and E. F. Fiock 


ABSTRACT 


A description is given of the method, apparatus, measurements, results, 
nd formulations involved in the work on steam which has been completed 
\date at the National Bureau of Standards. 

The method has been developed in accordance with the principles set forth 
ha rigorous analysis of the thermodynamic processes involved in a change in 
tate of a saturated fluid. 

The apparatus has been designed and built to provide a means for accurately 
ontrolling, observing, and accounting for the amount, the change in state, 
nd the change in energy of a sample of water. 

The observations have been carried out as a systematic series of experiments 
:the range from 0° to 270° C. (to 55 atmospheres pressure), yielding as a result 
ye values of three characteristic thermal properties of the saturated fluid. 

The formulation of the results establishes the values of heat content, latent 
eat, and entropy and constitutés an exhibit of the thermal behavior of saturated 
team in the region covered by the experiments. 

The results are assembled in a coherent, consistent table of the properties 
fsteam, available as a foundation for a more complete steam table. 

lt is found that when reduced to a uniform basis, after critical study and 
uulysis, most of the source data on saturated steam are in satisfactory accord. 


CONTENTS 


|. Introduction 
II. General description of method and apparatus 
1. Method 
a. TL ha en ee ee PS Sk Ue ce 
3. Résumé of theory of method 
Description of calorimeter 
1. Calorimeter shell 
2. Circulating pump 
ena I Oe ig Le). eee eee 
4. Electric heater 
5. Envelope 
6. Control bath 
7. Thermometric installation 
8. Throttle and reheat tube 
lV, Accessory apparatus 
1. Flow lines and control valves 
2. Containers for water 
Pump speed control 
. Timing devices 
. Pressure measuring instruments 
. Electrical measuring instruments---..----.--.----------- 
Weighing instrument 
. Thermometric standards 
: Purification of water 
\. Description of measurements 
1. Accounting for mass of water 
. Heat-capacity determinations 
. Latent-heat determinations 
. Evaporation factor 
. Thermal leakage 
}, Pump energy 


ot 


OND Orie oo 


- 
~ 





412 Bureau of Standards Journal of Research 


VI. Results of measurements 
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2. Gamma experiments 
3. Beta experiments 
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1. Formulation of calorimetric data 
2. Deriv ation of heat content and entropy from calorimetric 


VITL. 


I. INTRODUCTION 


The measurements here described were undertaken to meet a neej 
for more data to be used as the basis for a steam table sulted to 
present and prospective demands of steam-power engineering. The 
work was initiated as a result of the conference of engineers and 
physicists which was held in Cambridge, Mass., on June 23, 1921, 
The program of experimental work undertaken by the Bureau o 
Standards was a part of a greater project- which has been sponsored 
and largely supported by the American Society of Mechanical Ens. 
neers. Harvard University and Massachusetts Institute of Tech. 
nology have cooperated in this project by undertaking definite 
programs of investigation. 

The importance of international accord as to the basis of stean- 
power calculations has been recognized here and abroad. This has 
resulted in the international cooperation of engineers and investigator 
in the correlation of their work, with the object of ultimately develop- 
ing a universally acceptable steam table. 

In the program of securing new data for the revision and extension 
of the steam table the part which was undertaken by the Bureau 
Standards is concerned with the energy changes which occur in the 
fluid, water, when a mixture of the liquid and vapor phases is sub- 
jected to changes of state. The thermal properties which charac- 
terize these changes may be determined by calorimetric measurements 
made upon samples of the fluid under its own vapor pressure, or, I! 
other words, at the saturation limit. In the present work a systen- 
atic series of such calorimetric measurements has been carried out. 
A group of thermal properties has been determined which constitutes 
a calorimetric survey of the behavior of steam in the saturation region 
extending from 0° to 270° C. The theory of the experiments 
method employed and the analysis of the physical processes have 
been given in two publications,’ of which the latter gives the more 
general and complete theoretical treatment. Brief descriptions show 
ing the development of the design and construction of the equipmen t 
the progress of the experimental work, and the tentative results 0- 
tained, have appeared from time to time as progress reports.® Because 
of the tentative nature of the results previously published, the work 
has been described only briefly. In this report of the measure oer 
completed to date, a more complete account will be given of 
design, construction, and use of the apparatus and of the ae jon 
and formulation of the results. 


1 Mech. Eng., 43, p. 557; August, 1921. 
2 J. Opt. Soc. Am. & Rev. Sci. Inst., 8, No. 4, p. 519; 1924; B. S. Jour. Researeh, 4, No. 5, p. 609; 19 
* Mech. - ng., 45, No. 3, p. 168; 1923; 46, No. 2, pp. 81, 83; 1924; 46, No. lla, p. 808; 1924; 47, No. 2, p. 1% 
1925; 48, No. 2, p. 152; 1926; 49, No. 2, p. 162; 1927; 50, No. 2, p. 152; 1928; 51, No. 2, p. 125; 1929; 52, N 
p. 127 : 1930. 
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CALORIMETER HEATER 
SILVER SHEATHED RESISTOR PARTS OF CALORIMETER PUMP CASING 
WITH GAUZE WRAPPING FORMED OF PURE SILVER 











FiGuRE 3.—Parts of pump casing and calorimeter heater 
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Recently a study ‘ has been made of published source data from 
yevious calorimetric work on water and steam in the saturation 
ste. It is therefore unnecessary to include in this paper any of 
io details of that study, but the revised values and the appraisals 
pere made serve as the basis for their comparison with the results of 
Hhis present group of measurements. These results have been for- 
ulated into an exhibit of the calorimetric behavior of water as satu- 
ated liquid and vapor with Which other groups of source data may 
correlated. This formulation, starting with liquid water under its 
wn vapor pressure at 0° C., extends up to 270° C., and for this range 
stitutes a consistent, coherent table of observed thermal proper- 
‘os of saturated steam, and may be regarded as an available founda- 


‘on for a more extensive formulation of the properties of steam. 
1. GENERAL DESCRIPTION OF METHOD AND APPARATUS 


Before attempting to describe any of the details of design, construc- 
ion, and operation of the apparatus, which, it must be admitted, is 
omewhat complicated, the general scheme will be outlined. A 
vneral photographic view of the equipment as assembled in the 
aboratory for operation is shown in Figure 1. 


1. METHOD 


The method makes use of a single calorimetric equipment by means 
{ which measurements are made to determine several of the impor- 
tant thermal properties of the fluid. A sample of the fluid in a closed 
‘ontainer at some chosen saturation state is heated electrically to some 
ther chosen saturation state, or else is withdrawn either as saturated 
liquid or as saturated vapor. The energy required for each of these 
hree processes is added and measured electrically. The amount of 
nergy added per unit mass is characteristic of the particular experi- 
uental process observed. The group of measurements yields essen- 
ally the heat content or enthalpy, together with several other im- 
ortant properties, and establishes the thermal behavior of the fluid 
i the region covered by the survey. 


2. APPARATUS 


The apparatus consists essentially of a calorimeter which provides a 
‘ace Where a sample of water may be so isolated from other bodies 
sto enable its amount, state, and energy to be accounted for. The 
imple may be made to pass through a chosen, accurately determined 
hange of state, while the accompanying gain or loss of energy is 
ixewise accurately determined. The design of the apparatus pro- 
ides for several such experimental processes selected for their physi- 
il simplicity and for their fitness to exhibit the thermal behavior of 
tie fluid. The arrangement of the apparatus is shown in Figure 2. 
A quantity of water, part liquid and part vapor, is inclosed in a 
metal calorimeter shell. The water is circulated rapidly about the 
laterior in such a manner as to distribute heat and promote close 
‘pproximation to thermal equilibrium. An electric heater contin- 
laly bathed with flowing water provides a means of adding measured 
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energy which is speedily distributed throughout the cs lorime 4 
system. Outlets with valves provide for the introduction Or wit 
drawal either of liquid or of vapor. Detachable receivers suitable 
weighing are connected to the outlets to hold the samples of y 
transferred. 

For confining the energy, the calorimeter is well insulated from ; 
influence of external sources of heateand cold. In operation ;j 
temperature of an enveloping shell is kept very close to that of 
calorimeter shell itself. The heat which passes by leakage to or fy 
the calorimeter system is accounted for as a small correction whid 
is determined. The energy consumed in circulation and added to ) 
system as heat is another small correction which is determined. 

Means are provid 
ed for observing fs 
following quantit 
(a) Ceeiaiten | d 
the calorimeter an 
contents; (6) vap 
pressure in the caly 
rimeter; (c) mass 0 
fluid contents of t 
calorimeter; and 
energy added to th 
system, includin 
dois energy con 
verted to heat an 
the small correction 
for thermal leakag 
and circulation. 

The apparatus | 
designed to peru 
three special types 0 
measurements to by 
made. In the ide 
case of perfect many 
ulation and ¢ jontre' 

Figure 2.—Diagrammatic scheme of calorimeter experimental cont 
equipment tions these w ould cor im 
C, calorimeter shell. TV, throttle valve for steam. sist essentially of ob 
. wolmuiebaina meee. Lhe toned servations of the! 
H, calorimeter heater. VAC, vacuum line. lowing processes: 
VL, vapor line. PG" pressure gange. Heating with fixe 
oir ee LA, liquid air trap. amount of conte 
(beat-capacity dete 
minations); (6) isothermal expansion by adding heat, hn 
liquid, and removing saturated vapor (latent- heat experiments); 8 
(c) isothermal expansion by adding heat, evaporating liquid, « 
removing saturated liquid. 
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3. RESUME OF THEORY OF METHOD 


By using the results of the published theory ° the measured quantl 
ties may be expressed algebraically in terms of familiar therm 
properties. The experimental determinations of heat capacity 0 § 
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; , :; ee u 
mple of water give as a result the increase in the quantity H—L np 
er the observed range of temperature, in which // and L denote, 
pspec tively, in energy units, the heat content of —— liquid and 
bat of V aporization per unit mass, and uw and wu’ denote specific 
plume of saturated liquid and vapor, respectively. 

In the latent-heat experiments we measure the energy which is 
ided when water is evaporated and withdrawn as saturated vapor at 
nstant temperature. This amount of energy per unit mass is equal 

u ; “u . : ’ 
.L+L = ag The ratio a the fraction of a unit mass 
: u'—U 

raporated but remaining within the calorimeter when unit mass is 
ithdrawn. 


uw. , 
The quantity L gO complementary both to the determina- 


ions of heat capacity and to the determinations involving vapor 
ithdrawal when the values of H and L are desired. This quantity 
measured conveniently at any desired temperature by observing 
n supplementary calorimetric experiments of the third type the 
nergy required to produce the necessary evaporation when a certain 
wantity of saturated liquid is withdrawn. 

Thus, the three different types of experiment yield values of three 


jiantities referred to certain see These quantities, 
-L—— 7 L+L and L yy’ are denoted by the symbols, 


% vad 8. From is are derived finally the values of heat con- 
ent of saturated liquid, H, heat content of saturated vapor, H’, 
id heat of vaporization, Z. In addition to these three energy 
jantities, characteristic of the fluid, there also may be derived from 
he calorimetric data the entropies of the saturated liquid and vapor; 
kid by use of vapor-pressure data, obtained from other sources, 
specific volume and internal energy may be calculated. 

The properties of water at the saturation limit which may be 
erived from the calorimetric data and the formulas by which these 
derivations are made are as follows: 


H=a+B 
H’=arty. 
L=y7-B8 

(2, H (da, 8B 


"Ss te 6 


uwhich the following notation is used: 


H=Heat content per unit mass of saturated liquid (e+ rw), 
referred to an arbitrary zero. 


heat content per unit mass of saturated vapor, referred to the 
same zero as /7, 
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L=heat of vaporization per unit mass (H’—#H). 
u=specific volume of saturated liquid. 


u’ = specific volume of saturated vapor. 


Uu 


-L-= 
L 


measured quantities. 





Y iy €u 


0=temperature in centigrade absolute. 
«=internal energy per unit mass. 
z= vapor pressure at saturation limit. 


&=entropy per unit mass of saturated liquid, referred to an gy 
trary zero. 

&’=entropy per unit mass of saturated vapor, referred to the sy 
zero as ®. 


III. DESCRIPTION OF CALORIMETER 


9 


The term “calorimeter” will be used here to denote that por 
of the nniiia where the observed thermal process occurs. |; 
the part from which external influences are so isolated that the : 
perimental processes may be accurately controlled and obser 
The calorimeter is thus the relatively small part of the appari 
within which we may account accurately for energy added, amoi 
and state of matter, and work done. It forms the nucleus aro 
which the whole experimental equipment is developed. 

The calorimeter was designed so that each of the three therm 
processes previously mentioned could be separately observed. 
these observations the corresponding group of thermal properti 
water can be derived. Several general principles have aided in} 
veloping the design, These precepts may be enumerated as folloy 

(a) A preliminary analytical study throws important light upon: 
applications of the thermal processes leading most directly to! 
desired results. 

(6) Simplification of the experimental processes by refinemett! 
the details of equipment and manipulation makes departures fro! 
ideal experiment small or negligible, and thus promotes reliability. 

(c) Advance consideration of the relative importance of indivici 
refinements is more to be desired than makeshifts to account for 
eliminate inconsistency of results. 

(d) The apparatus should be moderately proportioned so 3! 
promote accuracy and facilitate construction, assembly, and operat! 

(e) The best available materials and workmanship are most econ! 
ical in the end. 

(f) Proof tests of materials, particular features of design, ané 
partly assembled portions of the whole reduce hazards to the cu 
pletion of the work, 
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Figure 4.—Calorimeter pump and shell 
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hese principles may appear so obvious as to need no mention, 
‘hey suggest ideals to be sought and are recalled at this point to 
‘ate a background against which closer details may be viewed in 
pel perspective. 


1. CALORIMETER SHELL 


he purpose of the calorimeter shell shown at C in Figure 11 is to 
vide a receptacle or reservoir for the sample of water under ob- 
‘ation. This shell is cylindrical in shape, having spherical ends, 
is made of an alloy of 80 per cent copper and 20 per cent nickel. 
ontains, in addition to the water, the parts which serve as operat- 
organs. These consist of a circulating pump, electric heater, etc., 
| will be described presently. To provide for installation of these 
ts, the shell is made with a joint normal to its axis. The two main 
tions of the shell were shaped by cold drawing. Each is accurately 
chined, one with a right-hand and the other with a left-hand 
ead at the joint. The parts are brought together by a Monel- 
tal band threaded correspondingly. The joint is made tight by 
pressure Which a tongue on one portion exerts on a gold-wire 
ket lying in a groovein the other portion. To assemble this 
pt three special powerful wrenches, shown in Figure 5, were 
vided. Two of these are clamped about the smooth cylindrical 
faces, while the third wrench engages a series of rectangular 
ches in the Monel band. The two clamps are yoked together at 
souter end, and a threaded draw bar provides the driving force in 
fnal closure of the joint. In this operation sufficient initial stress 
ist be developed in the band to insure a perfect seal against the 
por pressure of the water at any subsequent operating tempera- 
The amount of force with which the shell is drawn together 
determined by making actual proof tests with saturated steam 
i higher temperature than the experiments are intended to reach. 
expected, these proof tests showed that the joint acted as a safety 
lve which would open at a rather definite steam pressure and close 
iin after the pressure was moderately relieved. 
The interior of the shell is heavily plated with silver, burnished 
er each successive plating. This is for the purpose of avoiding 
itact of the water with the base metal of the shell, silver being 
re resistant to hot water than the copper-nickel alloy. The 
terior is likewise silver plated to give it a bright surface. 
The various plugs and fittings which serve as ducts for tubular 
nections with the outside and for electric power connections are 
tle of alloys of silver and sealed with gold gaskets in tongue-and- 
vove joints. 
2. CIRCULATING PUMP 


The purpose of the circulating pump is twofold. It maintains a 
pid cireulation of the liquid about the walls of the calorimeter shell 
' distributing heat and thus promotes thermal equilibrium. It 
ovides at the same time a source of liquid at the top of the calo- 
meter for keeping the heater surface bathed with water spread out 
a thin, flowing stream. 

Vigorous circulation lessens the time required to equalize the tem- 
lature of calorimeter and contents and permits observations of 
ealy initial and final temperatures to be made promptly. 
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Another advantage of the rapid distribution of heat is that dy 
the time when heat is being added electrically, temperature grag, 
on the calorimeter surface are kept small. The mean vhtios, 
of the surface may be obtained with reference to the opposed e 
lope surface by means of distributed thermoelements for accy 
evaluation of the thermal leakage. 

The method of bathing the heater by a continuous thin floy; 
layer of liquid brings the evaporating ‘surface close to the ene 
source, and thereby accomplishes quiet evaporation, producing 
saturated vapor with very little distrubance of temperature in 
entire system. This feature will be discussed later. 

The construction of the pump is indicated in Figures 3 and | 
[t is of the centrifugal type, specially designed for the requiremey 
of this particular case. The pump cire ulates about 6 liters of Wat 
per minute, the equivalent of the entire contents passing aroy 
every 5 seconds. The flow circuit divides at the top, the lay 
part following the wall of the shell and the rest flowing throug) 
port, down over the heater, and thence down to the inside ston 
space. To circulate the two streams, one of large flow and low he 
and the other of small flow and greater head, the pump wheel 
impeller is made in two parts, rotating together and delivering in 
the same casing. As a result of tests of the characteristics and e 
ciencies of a series of model pumps, this final design combining » 
stages in parallel, each of different characteristics, was developed u 
was found to give satisfactory heat-distributing capacity with 
tolerably small power input. 

The energy consumed in the pump is dissipated as heat added 
the calorimeter system and is objectionable if its amount is indet 
minate or too great. Too large a pump energy input would inter‘ 
with the accurate observation of the initial and final temperatur 
Too much fortuitous variation in the pump energy would impair: 
accuracy of accounting for energy from this source. 

The normal speed of the pump wheel is 900 r. p. m. This spe 
was changed in certain experiments as found desirable. The meth 
of speed control will be indicated later. The power input is dete 
mined calorimetrically and varies from 0.05 to 0.10 watt, depend 
on controlled conditions. The flow in the inner circuit over | 
evaporator and through the stage which maintains the head 
keeping the main flow channel full is about 1 liter per minute. 1! 
flow in the main channel is about 5 liters per minute. The efficient 
in pumping the water from intake to discharge at the top of the ca 
rumeter was found to be about 28 percent. The construction 0! 
pump of this size and character designed to operate continuously 
water up to 300° C., with no other lubrication of the running pw 
than that furnished by the water, built of materials which would | 
unaffected by the action of the water, involved some interest 
problems. 

The impeller runs on ball bearings of iridium alloy. The ba 
are about 1.2 mm in diameter, 10 balls in the lower and 7 in 
upper bearing. The main part of the runner is built up of silve 
palladium alloy. The shroud and clearance ring of the upper sta 
are made of one seer of silver-gold alloy riveted to the run 
The vanes are machined to stream-line curves. The lower stage h ha 
neither shroud nor clearance ring. 
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The five parts of the pump casing and flow channels are formed of 
we silver. These parts go together with well-fitting slip joints fas- 
ed, Where necessary, with pins. The entire pump, discharge tube, 
1 flow-channel casing form a unit which, when assembled, is borne 
idly within the calorimeter shell on three supports of stream-line 
m, machined from a solid piece of silver-gold alloy, which fits the 
ntral opening at the bottom of the shell. 

The pump runner is driven by a square on the lower end of the 
i. runner shaft which engages the square in the upper end of the 
hular propeller shaft of silver-palladium alloy. This propeller shaft 
ads down through the lower tubuler support of the shell and on 
wn to the stuffing box where it engages the stuffing-box shaft of 
rened tool steel with another square joint. 


3. STUFFING BOX 


The stuffing box, built to provide for the rotation of the drive shaft 
:the calorimeter pump without permitting leak of water by it, is 
pwn at WSB in Figure 11. A cylindrical recess 5 mm in diameter 
112 mm deep in the Monel body was fitted closely with two small 
yshaped packing retainers. The one which goes above the packing 
if silver-palladium alloy and the one below of phosphor bronze. 
hese retainers fit the 1-mm hardened-steel drive shaft within 0.01 or 
(}mm on the diameter, so that very little space is left through 
ich the packing can flow. The packing consists of soft kid-leather 
hers impregnated with paraffin. Pressure is transmitted to the 
king in the recess by means of an appropriate number of cupped 
whers of spring steel. These are compressed to the desired degree 
means of a gland threaded into the body of the stuffing box. In 
ler that there shall be no leak it is necessary that the hydrostatic 
«sure in the packing be greater than the vapor pressure in the calo- 
uter. To prevent undue wear on the pump shaft the number 
spring washers, the method of combining them, and the amount of 
frmation imparted to them are adjusted to meet the needs of the 
perimental conditions. To avoid the difficulties of finding a packing 
hich would be satisfactory at high temperatures, the stuffing box is 
aed outside the lagging and water cooled. The size of the pump 
alt where 1t engages the packing was reduced to 1 mm to cut down 
ewear. Below the packing the shaft is larger, and is provided with 
ill bearing to take the downward thrust. The race for this bearing 
attached to the outside of the body of the stuffing box by a threaded 
mt and can be removed readily for examination of the packing. 
irass collar prevents undue upward motion of the shaft. Power 
rdriving the pump is supplied from below, as will be more fully 
nbed later, and transmitted to the pump shaft by a hollow drive 
it having squared slip joints to provide easy assembly yet positive 


4. ELECTRIC HEATER 


The electric heater furnishes the means by which the major portion 
ite measured energy is added to the calorimeter system. So far 
the heat-capacity experiments of the first type are concerned, no 
traordinary restrictions as to characteristics of this part are neces- 
HY, as the exact path by which the change from an initial to a final 
liperature occurs is of no importance if the energy account is faith- 
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fully kept. In the case of evaporation experiments, and particulay}y 
those of the second type, much may depend on the way in which tha 
energy is supplied and utilized in the evaporation process. The ques 

tion as to the actual state of steam used in latent-heat measurements 
is the moot point which has frequently been raised as affecting 4) 

dependability of published values. If the energy could be supplia 

exactly at the surface where it is required for evaporation, none of j¢ 
would go to superheating either the liquid or the vapor. Evaporatio; 
would then proceed quietly and dry saturated vapor would be pro 

duced. In this calorimeter the electric heater, which is, in fact, 9 

evaporator, has been developed to effect quiet evaporation and th 

formation of dry saturated steam with very little disturbance of 
thermal equilibrium in the calorimeter and contents. 

The evaporator heater as installed is shown in section at J] j; 
Figure 11 and photographically in Figure 3. In this electric heater 
resistance wire of constantan 0.4 mm in diameter, with gold leads o 
the same size, forms the resistor. This resistor is insulated by embed 
ding it tightly in dry clay which completely fills the pure silver tubula 
sheath. The portion of the sheath containing the resistor is flattened 
to a thickness of about 2mm. The end portions containing the gol 
leads are drawn to a diameter of about 2mm. The flattened portio: 
is wrapped spirally with a strip of pure silver fine-wire gauze, fastened 
by spot welding at a number of points. The flat resistor portion i 
then bent into the final helical form as shown and the leads bent so as 
to pass downward and out of the shell through the fitting. 

The purpose of the gauze wrapping is to insure even distributio 
of the stream of water which flows through the annular port, an 
thence down as a thin sheet enveloping the evaporator. 

The resistance of the completed heater is about 10 ohms. Th 
insulation resistance between the resistor element and the silver sheat 
was found to be about 90 megohms when cold. 

The evaporator when installed is held in its central position just 
below the water port by a 3-armed silver support carried on the central 
portion of the discharge tube of the pump. The water is led from this 
port by guides of silver gauze and brought to the very top of the 
evaporator. The excess of liquid which flows off the evaporator is 
led quietly down into the central reservoir by a similar guide or apror 
of gauze. 

5. ENVELOPE 

The chief purpose of the envelope which surrounds the calorimete 
shell is to provide a receptacle in which the shell may be installed t 
isolate it from adventgtious or fortuitous sources of energy. 

We may regard thé space between the calorimeter shell and th: 
envelope as a barrier to heat flow, pervious to only a slight extent. 
The necessary metal ‘connections between the scibvnneter and its 
surroundings furnish other restricted channels for heat flow. T 
thermal-leakage rate may be made small by refinement of construc 
tion, but can only be annulled completely by avoiding temperatw 
difference. This may not be actually possible, but by first making 
the thermal insulation very good and then in operation keeping t 
temperatures under control it is possible to keep the heat leak ¢ 
tremely small in all cases and to account accurately for the unavol 
able small heat leak which does occur. Provision has been made ‘0! 
both these measures in the present calorimeter, as will presently 
shown, 
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Ficure 7.—Partly assembled calorimeter 


Ee, Envelope shell; 47, mantle for reference block; TD, thermoregulator 
dilatometer; V, shut-off valves: VZ, vapor lines; WSB, water stuffing 
box; OP, oil pump. 
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Phe envelope is shown at / in Figure 11. This outer shell is very 
plat ‘inc onstruction to the shell of { the calorimeter. It is of the same 
terial, made in two parts, assembled in the same manner. This 
fl is made strong as a precautionary measure in case the inner 
| should fail to hold the water sample under pressure. 

rhe calorimeter shell is supported axially within the envelope by 

aus of two tubes of silver-palladium alloy, one at the top and one 

‘he bottom. Besides furnishing strong stiff supports, these tubes 

se also as Channels for transfer of fluid to or from the calorim- 
either as liquid or vapor. The lower tube also incloses the 

eller shaft of the circulating pump. The upper tube serves as 
opening through which a tool may be introduced for adjusting 
is, The metal of these tubular supports was chosen because it 
sessed the desired characteristics of resistance to action of hot 
er, strength, thermal resistivity, and satisfactory workability. 

To avoid the danger of injury to the delicate supporting tubes by 
idental shock to the system when in place, six metal pegs are 
ad in the wall of the outer shell, extending radially inward nearly 
the surface of the inner shell but not touching it. These are 
seed in two planes near the top and bottom of the cylindrical part 
the inner shell and are so adjusted in length as to prevent any 
ventric displacement which would endanger the supporting tubes. 
Thermal leakage may take place by either of four types of heat 
ww, namely, radiation, solid conduction, gaseous conduction, and 
nvection. The first of these, radiation, is made small by silver 
ating and polishing the outer surface of the calorimeter shell. This 
ish has a tolerably low emissivity in the temperature range of these 

Del saree 

onduction through the metal parts extending across the insulat- 
- ace is kept within bounds by choice of materials and propor- 
ns of the necessary supporting tubes and electrical leads. The 
ports have already been described above. The electrical leads 
hich contribute to thermal leakage comprise 21 chromel and 14 
ppel thermoelement wires each 0.1 mm in diameter. Each of these 
aterlals has low thermal conductivity, and these leads contribute 
ttle to the total heat leak. The dicizia current and potential 
als are a larger factor. These are of gold wire. The current leads 

t about 0.6 mm in diameter and about 4 cm long. The potential 

ds are about 0.2 mm in diameter and 8 cm long. They are dis- 

dof in the envelope space about as shown in Figure 11. 

Heat leak by gaseous conduction and convection was dealt with at 
nt by providing means for evacuating the envelope space to a 
iv residual-gas pressure of about 0.0003 mm of mercury. At this 
esure the heat leak by this path is insignificant. The calorimeter 
is Operated this way during much of the earlier work at moderate 
imperatures. At temperatures of 200° C. and over, trouble devel- 

ed due to leaks appearing in the envelope system ’ surrounded by 

Presence of the small amount of oil which penetrated into this 
‘ecuated space produced thermal effects which were baffling until 

iy traced to their cause. After contending with this difficulty 
some time it was decided to discontinue the evacuation of the 
welope. Instead, it was filled with nitrogen at about atmospheric 
sure. This practice gave a slightly greater thremal-leakage 

heent, but inasmuch as this coefficient was determined as a 
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part of the systematic routine and the actual heat-leak cop: 
made in every experiment, a small percentage change in an aly 
extremely small correction term was of no consequence. 

Supplementing the above-mentioned features of thermal insy|j 
of the calorimeter there is a thermometric device for indicatiy 
relative temperatures of calorimeter and envelope surfaces anj 
a means for controlling these temperatures. The thermoele; 
which serve for the first of these form a part of the whole the 
metric system which will be described in detail presently. The; 
mal control bath which surrounds the envelope is the medi: 
effecting temperature control will next be described. 


6. CONTROL BATH 


The control bath as shown in Figure 11 is contained in 
casing, which, when assembled, supports the calorimeter in its 
velope, through the axial connecting tube at the bottom. The 
tom of the bath casing is a circular brass plate which is supporte 
three flattened tubular columns. These columns rest on a | 
deck, which is a part of the outer casing which holds the lag 
This lower deck is borne on a main support of three columns 
thus carry the main calorimetric unit. 

The somewhat involved construction of these inclosures was: 
necessary in order to provide in advance for an assembly or dis 
tling without unnecessary disarrangement of delicate or remote p 
This precaution has proved a great advantage, when, in operat 
either failure of a part or need for change or readjustment have n 


sitated access to more or less remote points inside. 

A mineral oil of suitable viscosity and flash point is circulate 
the bath by the path indicated in Figure 11. A centrifugal p 
drives the oil about this circuit. Each of four electric-heater ' 
supplies energy for some specific purpose. The one for principal 
supply furnishes most of the heat which escapes to the outside 
part of that which is used to raise the temperature of the bath. 


? 


so-called “‘main heater” is located on the outer wall of the | 
casing. It is made of nichrome wire, 0.8 mm in diameter, Ww 
first in helical form, then flattened to a ribbonlike coil. After 
outer wall of the bath casing had been covered with a thin lay¢ 
alundum cement baked hard, this heating element was woun 
and another coat of alundum cement applied to hold it in | 
The two windings have a resistance of 10 ohms each and can be 
either singly, in series, or in parallel. This heater will, of course, 
produce a quick response in the bath to a change in current. To 
vide for quick response an “auxiliary heater” is installed in the 
portion of the oil space above the envelope shell. This aux! 
heater is a copper-sheathed, clay-insulated unit similar in princip 
the calorimeter heater, but proportioned and shaped for this P 
Its resistance is about 10 ohms. 

To provide for automatic regulation of the bath temperatt 
third or “regulating heater” of 10 ohms, similar in construction ( 
one just described, was installed in the oil-return flow just abe 
the pump intake. The current in this heater is automatically ¥! 
to maintain constant temperature in the bath by the thermorest! 
which will soon be more fully described. 
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fourth heater called the “‘central heater” is an auxiliary heater 
ched to the fitting on the central tube at CH in Figure 11. This 
es ry operator to keep the upper end of the central supporting 
, of the calorimeter at a higher temperature than the calorimeter, 
;to avoid condensation. "The central heater is of the clay- -insu- 
copper- -sheathed type, wound spirally on a core of copper, to 
hit is hard soldered. This core is clamped to the fitting which it 
sired to heat. 
ref ‘igerating coil is installed in the bath to permit oper ation at 
natures down to 0° C. This consists of a tube, as shown af 
i Figure 11, and may be used to carry carbon dioxide, cooled by 
itling from high pressure. By connecting the refriger ating coil 
he water supply it can be used to cool the system after experiments 
ch temperature. 

; thermoregulator i is actuated by an oil dilatometer in w hich the 
Seen of temperature causes motion of a mercury column in a 
| tube, thus making or breaking an electric circuit. This impulse 

ites a relay w hich effects the change in heating current. The 
soregulator is of the selective-setting type long used in this 
ntory. When heating up, a valve is left open, permitting the 
ne of expanded fluid. “When the desired temperature is reached 
valve i is closed, heating currents are readjusted, mercury contact 
ly set, and the temperature is then automatically held. 
te dilatometer of the regulator is a long thin-walled tube wound 
dical form and installed in the oil stream where it meets the 
dope shell, as shown at TD in Figure 11. 

he ‘nsulating material used for lagging i is calorox. No attempt 
made to make the heat leak from the bath very small by using 
t bulk of lagging. It was thought more expedient to conserve 

we and weight by wasting a little more electric power. The outer 
Ing is W ater-cooled to keep it from getting too hot to the touch. 

he various connections extending up more or less rigidly from the 
meter unit emerge through easily fitting tubular w ells in the top 
control-bath casing. This permits near closure of the oil space, 
the same time allowing for differential expansion of the parts. 
sible connections are brought out through tight fittings. Special 
sare provided through which the resistance thermometers are 
ried into their receptacles, yet to be described. 

he control bath is designed to conserve space and heat a 5 8A 
utilizing the circulating “oil as a medium for rapid transfer of heat 
her than as a heat reservoir. It is necessary to provide for the 
vein volume of the oil over the temperature range used. An 

t the top leads through a water-cooled tube to a trap with two 
reservoirs, each of 3 liters capacity. The supply flask is above, 
wted, with spout below the overflow. The other is below to re- 
oll which overflows. This arrangement keeps the oil level at a 
ute height in the wells, whether temperature is rising or falling. 


7. THERMOMETRIC INSTALLATION 


‘peratures at various chosen points on the calorimeter and 
‘lope are observed by the combined use of platinum resistance 
Mm mometers and thermoelements. A heavy copper reference 

ocated in the bath at R in Figure 11 serves as the thermal union 
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between the resistance thermometers and the reference junctiy 
the thermoelements. The thermometers thus measure the ten 
ture of the reference junctions, and the thermoelements indica; 
small temperature differences which exist between the reference 
and the principal junctions located at the chosen points. 

The three thermometers fit into copper receptacles which gr 
soldered to the reference block. Thirteen thermoelements, eae} 
ing reference junctions on this same block, have principal juncti 
points on the calorimeter shell and its envelope, as shown jn} 
11. Each element is made of 0.1 mm. diameter chromel and 
wires, stranded so that two copel and three chromel wires lead { 
junctions. Each element has three junctions—a principal one 
place where indication of the temperature is desired and two refe 
junctions on the reference block. From these gold wires lead t 
outside. A diagram of a single thermoelement is shown in Figuy 

Copel-chromel elements were chosen because of their comparat 
high thermoelectric power and relatively low thermal conductivit 

The reference block is especially designed to avoid temper 
gradients and keep all the reference junctions and resistance 

mometers at 
same temper 
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' f “f 4 It is attach 
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‘aba 4 Au [} » j 
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Figure 8.—Diagram of thermoelement tends laterally 
thence by a 
thermoelement lead tie-down; TA, thermoelement lead anchorage; turn vertical 
cae wire; Ch, chromel wire; Au, gold wire and terminals; Cu, ward and out 


J, principal junction; RJ, reference junction; R, reference block; T'D, 


bath, where 1 
minates in an air-tight insulating seal (S, fig. 11) for the wires, whic 
led out through this duct. <A side connection near the top is us 
the evacuation of the envelope or the filling with gas. The refe 
block itself is a heavy cylindrical mass of copper with circular 
inside like an amphitheater. These steps afford space for atta 
the reference junctions of thermoelements. Three flat tul 
copper receptacles are attached to the block to receive the spatul 
ends of the resistance thermometers which are inserted from a 
This well-conducting copper mass forms a thermal union betwee 
thermometers and the thermoelements in which only extremely 
temperature gradients can persist. 

However, if left entirely unprotected from the direct influence ¢ 
oil stream, whose temperature is controlled by the automatic the 
regulator, this block would experience sensible fluctuations of te! 
ature from the controlled mean, which would interfere with pr 
observations. In order to damp out these fluctuations there 1s 
vided a mantle in the form of a figure of revolution fitting the cy! 
and the envelope shell at A/, Figure 11. It moves vertically ing 
so that it can be placed as shown or raised to a higher level. Whé 
the upper position the oil passes within the mantle and bathe 
reference block directly. This is the proper position when the! 
temperature of the bath is being changed. When steady tempert 
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be observed the mantle is lowered, thus keeping the reference 

| more remote thermally from the circulating oil and obliterating 

priodic fluctuations, at the same time allowing the block to follow 

ean temperature of the oil. 

insulating and supporting the thermoelements within the en- 
e, Where this can not be accomplished merely by spacing the 

768, mica is used. All the junctions are insulated with mie: 
tfor the principal junctions of Nos. 9 and 10, which are soldered 

ily to the central tube, and No. 12, which is assembled without 

ation for test purposes. By making suitable connections outside 

hermoelements can be used either as individuals for survey of 

rature distribution or in groups to indicate average surface- 

erature difference for heat-leak control. The group of five on 

calorimeter can 

ied in series to 

the calorimeter 

erature to the 

tance thermom- 


¢ 28 gold wires 
ing out from the 
mice junctions 
vreference block 
arried through 
ticellular duct 
ltup of mica 
sin which each 
has its Own pas- 
way. The wires 
hlead down- 
from the refer- 

> block to the 
cipal junctions 
guided and sup- 
edd by threading Figure 9.—Details of thermoelement attachment 
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pus wh appropr late A, gold terminal of thermoelement wire, lead, or junction; B, mica 
strips of mica insulating washers not less than 0.1 mm thick; C, threaded stud; 
D, nut. 
method of at- 


ing junctions to the metal parts so as to insure electric insula- 
and provide at the same time good thermal union is shown 

gue 9. The gold terminal to which are hard soldered the 
vires forming the junction isclamped firmly between mica 
hers to the metal surface under a nut threaded to a stud. By 
sume device connections are made between the gold wires 
the reference junctions, simply leaving out any mica washer 
i between the gold terminals. Thermal “tie-downs” of the gold 
‘are made in the reference block to intercept lead conduction 
th otherwise might reach the reference junctions and vitiate their 
kations. Each wire is twice tied down before connecting with its 
tnce Junction, thus reducing the effect of lead conduction from a 
ible error of nearly a degree, in an extreme case, to about one 
thousandth of this amount. A total of 80 tie-downs find place 
in the reference block, and a total length of about 6 m of bare 
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wires, coiled in helical spirals, is accommodated in the 32 cm of 
within this block, requiring considerable care in stow age to kee 
all clear of each other. After assembly the whole system of ingy 
thermoelements showed an insulation resistance of several meg 
to the calorimeter unit at 500 volts. 

The thermoelements are made up of fine stranded wires » 
they will have appropriate resistance and still be sufficiently § 
to be manipulated into suitable shapes for stowage. The tot tal 
resistance of the group consisting of elements Nos. 1 to 5 5, ind 
is about 100 ohms. This resistance gives critical damping wit 
potentiometer and galvanometer used “for observing. The resist 
of the other combinations used are made up to similar total y 
by series resistance coils on the instrument board. 

The copper ring (7A, fig. 11) furnishes an isothermal anch 
for the junctions between the gold lead-out wires and the « 
wires which lead over to the instrument board. These circuit 
entirely of copper to avoid parasitic thermal emf’s. Two g 
switches, each of copper, were built to permit the indiv idual the 
elements to be quickly connected to the potentiometer in the de 
combinations. One of these is a double-pole 12-throw dial SI 
and the other a quick double-throw 6-pole knife switch. Whe 
dered joints were made, special care was taken to insure against the 
gradients in the joints. Every precaution was taken to reduce 
sitic thermal emf’s in the measuring circuits to a negligible am 

Four platinum resistance thermometers, specially constructe 
this purpose, were used as working standards for the te mper 
measurements. These are of the 4-lead potential-terminal 
They are made small and compact to fit the receptacles desc 
above. The platinum windings were of 0.05 mm diameter, w( 
seven turns to the millimeter on a flat plate of mica notched aj 
edges to receive the wire. The windings occupy a length of abo 
mm. The thermometers are incased in platinum sheaths 0.5 
outside thickness, 5 mm wide, and 60 mm long. These sheatl 
hard-soldered to tubes of copper-nickel, 3.2 mm in diameter, thr 
which the gold-lead wires threaded through mica strips are led of 
the seals at the top, where copper wires are joined on. 

The platinum windings were annealed by flashing, using an ele 
current of short duration sufficient to heat the wires to redness 
mentarily. 

The thermometric reference block is closed at the top by a fle 
annular diaphragm of silver to allow freedom for differential expa 
between the outer envelope and the suspended calorimeter shell 
its supporting tubes. The top of the block is terminated by a} 
ring hard-soldered to the copper, having a blunt-edged flange 
which the silver diaphragm is clamped by the threaded nut be 

against a washer. At the inner edge the Giaphragm is simi] 
clamped to the fitting which joins the supporting tube below 
connects with the distributing tube above, through a union. 


8. THROTTLE AND REHEAT TUBE 


This device has not been used up to the present time, but ast 
installed in the calorimeter from the first assembly and had sont 
fluence on the design, although left inoperative, it will be briefi! 
scribed. The extension of the silver-palladium outflow tube Wi 
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lorimeter is threaded in the lower portion of its length with a 
of 30 threads to the inch. A plug of silver-gold alloy is fitted 
is thread so that it can be placed anywhere in ‘the threaded part. 

| consisting of 170 cm of silver tube is connected at two points 

outflow tube. By placing the plug between these points, vapor 

ig out of the calorimeter is first reduced in pressure and tempera- 

it leaks by the plug threads, and then flows through the coil, 

vit is reheated by absorbing heat from the saturated vapor whic h 

unds the tube. This is the arrangement provided for a fourth 

of experiment in which the heat content of superheated vapor 
d be determined. 

the calorimeter was used in the first three types of experiments, 
jrottling plug was left out entirely, leaving free passage for vapor 
be outflow tube. 


IV. ACCESSORY APPARATUS 
1. FLOW LINES AND CONTROL VALVES 


he flow lines provide connections between the calorimeter and the 
ide receivers and are used to conduct the flow in the transfer of 
io or from the calorimeter. The lines at the bottom provide for 
troduction and withdrawal of liquid, while those at the top are 
lin the withdrawal of vapor. Figure 2 shows diagrammatically 
rarious paths along which liquid and vapor can be conducted and 
rlative positions of the control valves. 
te valves used in the flow lines are all of the diaphragm type, 
h permits motion for operation without the use of packing and 
be described later. Part of these can be operated as shut-off 
sand two as throttles for reducing pressure and controlling rate 
OW. 
| flow lines are of silver or silver-palladium tubing. Those 
hare at the pressure existing inside the calorimeter are of silver- 
sium, except one small silver tube at the bottom. This bottom 
emerges from the side of the lower supporting tube, in the 
mg space, and leads downward near the stuffing box to the 
ide, as shown at WZ in Figure 11. It serves for introduction 
moval of liquid and is the only connection to the calorimeter 
thhas to be broken for dismantling the control bath. The silver- 
idium exit tube at the top of the calorimeter has two horizontal 
mhes, one leading to a throttle valve and one to a pressure- 
mitting device or pressure capsule, which will be described later. 
nthe throttle valve a silver-palladium manifold tube leads to 
‘shut-off valves located in the control bath. From each of 
ka comparatively large silver tube leads out through the top of 
control bath and the lagging to a silver tempering “coil which is 
mded with means for evacuation, through a diaphragm valve. 
iquid line at the bottom leads through a diaphragm valve which 
res » athor as a liquid throttle or shut-off, to a similar tempering 
All four tempering coils terminate in unions which fit the 
ded portions of the valves on the containers for the water. All 
vacuum valves lead to a common vacuum line, which is pro- 
ed with a metal trap in which water remaining in the connecting 
‘can be caught and weighed, 
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The diaphragm valves already spoken of were designed to ely 
the use of packing. One of these will be: described | to illustryy 
feature. In the section shown at VV in Figure 11, it may ly 
that the action which opens and closes the valve is the y 
motion of a stem relative to a seat. The face of the stem js 
silver disk, and the seat in this type is a rather blunt by 
machined edge of silver-palladium alloy. Longitudinal mo 
the stem is permitted by an annular silver diaphragm of (; 
thickness, clamped to seal tightly near the outer and inner| 
Rotation of the stem is thus prevented. The portion of th 
outside the diaphragm is a cylinder fitting freely in a recess j 
valve bonnet, so that the stem moves perpendicularly to the 
of the seat. Excessive flexure of the diaphragm is prevented | 
metal support behind it and by limiting the travel of the ste 
this type of valve used on the containers and in the vacuuy 
the motion is imparted to the stem by a differential thread ay 
ment. The differential screw has a square end which can be 
by a detachable key. 

Each of the three shut-off valves in the bath, one of ¥ 
shown at V in Figure 11, is of this same diaphragm type, }j 
motion is imparted to the stem in a different manner. Thesey 
have to be opened and closed as nearly instantaneously as po 
and no intermediate positions in the motion are required. 
fore, instead of the differentially threaded stem, an entirely dif 
mechanism was designed to accomplish this purpose. Their 
are attached to vertical struts, leading outside the control bi 
a spring and lever system shown at VM in Figure 11. By 
of the adjusting screws illustrated the mechanism can be s 
that any desired force of the stem on the seat will be furnish 
deformation of the spring lever, SL. It is evident from the di 
that by a single motion of the operating lever, OL, the valve ¢ 
completely opened or closed. The provision by which these ( 
tions are automatically carried out at a signal from the sta 
clock will presently be described. 

The shut-off valve in the liquid line was changed dum 
liquid-withdrawal experiments from the type shown at Ji 
Figure 11 to a type similar to the vapor shut-off valves in the «1 
bath. Provision was made for the remote control of a slow-m 
screw which actuated the handle of the mechanism. The op 
of the valve could thus be controlled to regulate the rate oi 
drawal of liquid. 

The vapor throttle valve is similar to the shut-off valves, bi 
cause of the fineness of operation demanded of it, certain ch 
were necessary. The seat is made flat with a 0.5 mm apertu 
the silver disk on the stem is made slightly conical where it - 
the seat. The operating mechanism outside the oil bath wa 
to the form shown in Figure 11 and was provided with a slow. 
screw to operate the valve handle. This slow-motion screw is 
ated from the instrument table by a positive mechanical co 
The spring lever was replaced by a hee eel brass one, which act 
rigid member. All joints are made as free from bac klash as pos 
and the spring, K, is provided to take up the residual lack 
some of the latent-heat experiments at high pressures, a set ‘ 
silver palladium disks each 0.1 mm in thickness and with 0.5 mm 
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s centers, was introduced between the valve stem and the seat 
bvide more paths for vapor and thus cut down the sensitivity of 
ive to motions imparted to it by the observer. 

jderable difficulty was experienced in the evolution of the 
levalves. The two described proved to be the most satisfactory 
eral which were tried. 


a. CONTAINERS FOR WATER 


containers for the water, as shown at WR in Figure 11, are 
of 1.6 mm silver in cylindrical form with hemispherical ends. 
capacity is about 425 cm’. Those for use in transferring liquid 
povided with reentrant silver tubes reaching nearly to the 
mn. Each container is provided with an outlet tube of silver 
ss indicated in the figure and leading to a diaphragm valve. 
ody of this diaphragm valve terminates in the male half of a 
threaded to fit any of the unions on the tempering coils. 
eight of each container and its valve is about 1,000 g. 


3. PUMP-SPEED CONTROL 


espeed of the circulating pump in the calorimeter is accurately 
dled to make the rate at which it supplies energy to the water 
ite and reproducible. 

» long external drive shaft for this pump has squared ends 
h couple the pump positively to a liquid tachometer, rotating 
esame speed as the pump. The tachometer, of the well-known 
kr type, is driven by a motor which draws its power from a 
\tstorage battery. The impeller maintains a column of kerosene 
height which is determined by the speed. A column of mercury 
side tube off the kerosene column is maintained at a level which 
varies with the speed. In a manner similar to that of the 
nostat, this mercury column, by its motion, serves to make and 
ran electric circuit. As a result, more or less resistance is 
din the armature circuit of the driving motor, in the direction 
ied to maintain a constant head of mercury. The kerosene 
mn furnishes a sensitive means for the direct observation of the 
p speed, which latter is maintained practically constant by the 
matic control. 

pcheck the constancy of the pump rate, a revolution counter was 
d directly to the pump shaft. Observations with this counter 
frequent intervals showed that the pump rate is maintained 
tant at any desired value to about 0.1 per cent. 


TIMING DEVICES 


\the a and 6 experiments the time of electric heating and in the 
periments the time of withdrawal of vapor must be observed. 
the first of these there was constructed a double-pole double- 
w switch operated by a spring and a release which is actuated by 
ectric impulse from the standard clock. This automatic switch 
only opens or closes within less than 0.1 of a second, but also 
lies the same time interval for action in either direction. In 
ition it was used to switch the connection from a 30-volt storage 
ery to either the calorimeter heater or to a spill coil having nearly 
same resistance, 
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To provide for timing the flow in the y experiments, the actus; 
mechanisms of the three previously described shut-off valves 
equipped with pulley wheels rigidly attached to the operating |. 
and rotating about the same axes as these levers. Cords fy 
attached to the wheels can be led in either direction around the wh 
and thence up toaspring. The spring is permitted to operate by 
release of a catch at a signal from the standard clock. The sp 
thus furnishes the power for opening or closing the valves at a chp 
time, either individually or in any desired combination. The {j 
required for complete opening or closing of a valve is less than 
of a second. 

Signals from the standard clock are received only on the ex 
seconds, the fifty-ninth being omitted. The key in the clock cir 
is closed by the operator during the fifty-ninth second, so that 
zero signal is used either for starting and stopping the power or 
diverting the vapor flow. The integral number of minutes inyoly 
in an observed process is observed on a watch. 


5. PRESSURE-MEASURING INSTRUMENTS 


Provision was made for observing pressure, and, although no me 
urements are included in this report, the installation will be describ 
A side tube from the outflow tube just after it emerges fr 
the vacuum space leads to a pressure capsule (PC, fig. 
which is also in the oil bath to avoid condensation. The press 
capsule is made of Monel metal with a 4-cm diameter sheet Mol 
diaphragm, D, 0.08 mm thick, stretched across the capsule. T 
diaphragm transmits the pressure from the vapor on one side to 
on the other. The diaphragm is allowed a displacement at the cen 
of only 0.25 mm from the mean position before coming against 
solid supporting walls of the capsule. When the highest work 
pressure is applied, no permanent deformation of the diaphragm 1 
result. The diaphragm, however, is sufficiently flexible for a ve 
small pressure change to deflect it across the chamber. A measi 
ment of the opposing pressure when the diaphragm is balane 
midway in the capsule will then give the pressure of the vapor. 
the Monel surfaces on the vapor side are silver plated to preva 
chemical action of the hot vapor with the metal. A 0.2 mm gold-w 
ring was used to make the diaphragm gas tight in the capsule. Mat 
screws were used in addition to the Monel case and diaphragm 
that there would be no differential expansion of the parts which wo 
cause leaks or change in tension of the diaphragm. Oil is used 
transmit the pressure from the diaphragm in the capsule to a ga 
of the dead-weight type with piston rotating in oil. 


6. ELECTRICAL MEASURING INSTRUMENTS 


The electrical measurements comprise observations of thermomet 
resistance, thermoelectromotive force, and electric power input. 
The resistances of the thermometers are measured with a Muelle 
bridge built by O. Wolff. The bridge coils are immersed in a th 
mostated oil bath. A separate commutator switch permits the 0 
servation of any chosen one of four thermometers. The bridge 0 


6 Mueller, B. 8S. Sci. Paper No. 288. 
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»e recalibrated whenever it was found desirable, by the method 
ined by Mueller. A measuring current of 4.5 milliamperes was 
{both in the calibration and in the measurements of temperature. 
vlvanometer scale deflection of 1 mm corresponds to approxi- 
ie 0.0001 ohm, or about 0.001° C., for the thermometers used. 

The electromotive forces of the thermoelements, amounting in 
iv all cases to less than 20 uv are measured on a Wolff potentiom- 
» designed by F. Wenner. By comparison with another instru- 
nt which had been calibrated at the Bureau of Standards, the cor- 
ions to the indications of this instrument were found to be negli- 
ein the range in which it is used. When the temperature of the 
oimeter is being observed, a scale deflection of 1 mm corresponds 
,002° C. or less. 

he power input is measured on a Diesselhorst potentiometer, 
‘it by O. Wolff. It was calibrated at the Bureau of Standards 
fore, during, and after the experimental work and showed no changes 
more than 1 part in 30,000. The scale deflection was greater than 
om per division on the last dial in the measurements on current 

potential drop. 

The standard cells to which the potentiometric measurements are 
ared are Eppley unsaturated cadmium cells. They are kept in a 
rk-lined box and calibrated frequently against the standards 
intained at this bureau. Two of these cells are used with the 
etiometer for power measurement to guard against fortuitous 
anges in voltage between calibrations. Their electromotive forces, 
measured and used in this work, are expressed in international volts. 
his international volt is defined as 1/1.0183 of the voltage of the 
mal Weston cell at 20° C. 

The volt box ratio and the resistance of the 0.01-ohm manganin 
kndard used in the measurements were verified at this bureau before, 
ing, and after the experiments and showed no changes of more 
an 1 part in 30,000. 


7. WEIGHING INSTRUMENT 


The balance used in the weighings is a 2 kg Troemner balance, 
tha sensitivity of one scale division per milligram. Provision was 
ade for suspending the counterpoise and the containers for water 
closed cabinet below the balance pans. All weighings are made 
the method of substitution. The weights are of brass, platinum 
ied, and calibrated at this bureau. Correction is made for buoy- 
ky of the air on the weights. In this method of weighing no correc- 
i for the air buoyancy on the water sample is necessary. Changes 
duoyancy are compensated for by making the volume of the counter- 
ise approximately the same as the volume of a container. The 
hts are made to the nearest milligram. 


8. THERMOMETRIC STANDARDS 


All temperatures used in this work are measured on the inter- 
tional centigrade scale’ of 1927, which is defined, in the interval 
to 660° C., by assigning the temperatures 0°, 100°, and 444.60° C. 
the ice point, steam point, and sulphur boiling point, respectively, 
at the pressure of one standard atmosphere (760 mm mercury); 





Burgess, B. S. Jour. Research (RP22), p. 635; October, 1928. 





432 Bureau of Standards Journal of Research 


and establishes other points by means of a standard resistance 
mometer of pure platinum, making use of a formula of the fory 


Re=R,(1+Ad+ Be’) 


in which @ is temperature, R, the resistance at the ice point, an 
and B are constants found by calibration at the steam point and 
sulphur boiling point. 

Before starting the calorimetric measurements the resist, 
thermometers were calibrated directly at the ice, steam, and sulp| 
points as outlined above. Later on in the work it was found 
pedient to calibrate the thermometers by comparison with a lal 
tory standard. Astandard resistance thermometer of the strain. 
type was inserted into a special copper receptacle which is in 9 
thermal contact with the copper reference block in the control } 
This strain-free thermometer is calibrated at the ice, steam, , 
sulphur points directly, and the constants of the calorimetric spa 
type thermometers are determined by direct comparison in posit 
in the control bath. In this way it was possible by holding the by 
at a constant temperature to make very accurate comparisons betw 
the strain-free thermometer and the calorimetric thermomet 
However, the strain-free thermometer was not so well adapted 
indicating the temperature of the upper reference block during 
calorimetric experiments, and for this reason the calorimetric t! 
mometers were used in the actual experiments. 

The thermoelements used in measuring the calorimeter temperati 
were calibrated in place against the resistance thermometers. 
accuracy of this calibration is of little importance because of { 
extremely small values of the observed thermoelectromotive ford 


9. PURIFICATION OF WATER 


Dissolved gases are removed from the water samples used in { 
experiments. In a specially designed still, ordinary distilled wate 
subjected to another distillation under a pressure of about 0.1 atm 
phere. During this redistillation a pump is continually removing t 
permanent gases, together with some water vapor from the condens 
at such a rate that there is little opportunity for the permanent ga 
to redissolve in the condensate. In special test experiments 1 
amount of residual gas remaining in the condensate was found to 
less than one one-thousandth of the amount usually contained in 4 
tilled water. After a water sample is thus freed from dissolved gas 
it is not allowed to come into contact with air again either before 
during its use in the experiments, but is always kept and transfer 
under its own vapor pressure. 


V. DESCRIPTION OF MEASUREMENTS 


The keynote in the description of the experiments is that an ac 
rate account must be kept of each of three primary observed qu 
tities, namely, the amount of fluid subjected to the process, 
change in state, and the amount of energy exchanged. ‘The ene 
account consists primarily of that which is added and measured elt 
trically, but includes also the energy added by the pump and t 
energy exchanged by thermal leakage. In the following discuss! 
the method employed for the evaluation of all these factors will 
described. 
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1. ACCOUNTING FOR MASS OF WATER 


The mass of water which is subjected to a change in state enters as 
ject factor in the reduction of the data. The results, therefore, 

he no more reliable than the determinations of the masses. In 
dition, @ Quantitative account of the aggregate mass of the water 
solved in any set of experiments throws important light upon the 
‘ability of the data derived from the experiments. Equality of the 
sunt put into the total removed indicates that there has been no 
in or loss of fluid through leaks and that there have been no acci- 
ntal errors in the determination or recording of weights. In this 
rk such & mass accounting has been carefully kept, and important 
relations have resulted from it. From time to time water leaks 
m the calorimeter and air or oil leaks into the calorimeter have 
wn indicated, located, and eliminated. When the mass accounts 
lance properly, the results assume an added degree of certainty. 
The procedure employed in filling the calorimeter and in removing 
st water which remained after the completion of a series of exper- 
ents is the same for the a, 8, and y experiments. It will therefore 
pdescribed here once for all. 
Acontainer having a reentrant tube is evacuated and filled with a 
ave of water from the still. The valve on the container is heated 
slittle above 100° C. to drive off external moisture, and the whole 
cooled in a current of air, from a fan, to the temperature of the 
m. This treatment was found to bring the containers to a re- 
oducible condition for weighing, and will be spoken of hereafter as 
nditioning. 
The container and its charge of water are first weighed and then 
tached to the tempering coil at the bottom of the calorimeter. The 
jrimeter and coil are then evacuated through the vacuum valve, 
tla McLeod gauge in the system indicates a pressure of less than 
(01 mm. The system is then considered tight and sufficiently gas 
ee. 
The vacuum valve is then closed and the container valve opened. 
he water in the container is forced into the calorimeter by its own 
upor pressure when heat is applied with a gas torch. Usually the 
tire charge is introduced, but the flow can be stopped after any 
hosen part has gone in if the container is suspended during the 
ling from one arm of a crude balance. 

ien the desired mass of liquid has flowed into the calorimeter, 
he lower calorimeter shut-off valve is closed, the tempering coil is 
wounded with boiling water, and the container is immersed in cold, 
ining water. Virtually all the water remaining in the lines is thus 
stiled back into the container. After a few minutes the container 
ive is closed and the coil is again evacuated, this time through the 
wd air trap which has previously been evacuated and weighed. 
ie vacuum valves and the valves on the trap are closed and the 
fntainer and trap are detached, conditioned, and weighed. The 
linge in weight of the container minus the weight of the water 
tught in the trap (always less than 1 mg, and therefore negligible 
len the operations are properly carried out) gives the mass of the 
iter in the calorimeter system. 
After a set of experiments in which part of the water sample may 
'may not have been removed, the water remaining in the calorimeter 





434 Bureau of Standards Journal of Research 


is withdrawn into the container. This process is hastened by hy 
the calorimeter and tempering coil hot and the container cool. } 
as much liquid as will flow out has been collected in the cont, 
its valve is closed and that which remains in the calorimeter is col}, 
in the liquid air trap. The masses thus removed are weighe 
described above. 

In the constant mass or a experiments the mass weighed 
equal to the mass removed if the operations have been prow 
performed. In the withdrawal, or 8 and y, experiments the y 
of water removed as saturated liquid or vapor must be included j; 
mass accounting. 


2. HEAT-CAPACITY DETERMINATIONS 
The measurements of the wae Ae De which determine the chan 


value of the quantity H— Ly 7? denoted by the symbol a, y 


with a few exceptions, taken in ee intervals. The whole range{ 
0° to 270° C. was divided into three sections, 0° to 100°, 100° to3 
200° to 270°, each of which could generally be covered in ag 
day’s work. Starting at the lowest temperature of one of the sect 
0° C., for intsance, the initial temperature is observed. Then ele 
energy is added to heat the calorimeter and water approximately 
The temperature is again observed and energy added for ano 
period. There is thus obtained a series of observed temperatures 
tween which the added energy is measured. By keeping a contin 
account of the energy, including heat leak and pump energy, 
change in a from the initial starting point of the series to any stopj 
point can be determined independently of the intermediate inter 
\ single series of measurements of this kind gives as a result the am 
of energy, Q, added to change the temperature of the calorim 
and contents from any one to any other of the observed temperati 
A second series carried out in a similar manner over the same inte 
of temperature but with a different mass of water in the system g 
as a result a second series of values of @ corresponding to theses 
temperature intervals. Two such series of measurements suff 
determine a series of values for the changes in @ and for the chat 
in another quantity which is designated — as Z, over the tempers 
intervals covered. This quantity. Z, as described more fully in 
paper on the analysis,* is a characteristic property of the calorim 
as used, and its value ‘depends on the temperature but is indepen 
of the total amount of w ater in the system. Actually, in each 1 
of temperature several series were made i in which the masses of W 
contained were chosen so as to give large differences in total 
capacity. Reduction of the results of such g group as a whole 
the method of least squares yields a series of values of a, which 
property of saturated liquid water, and a series of values of Z,1 
is a property of the calorimeter as it was used. The individual va 
of a, corresponding to each experiment, can then be calculated 
purposes of comparison to show the degree of reproducibility o! 
measurements of a. 

In all the measurements of this type a tight-fitting cap seals 
calorimeter at A in Figure 11. The water samples a are introdl 


ec 
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removed as liquid through the connection at the bottom of the 
yimeter as previously described. 

re shut-off valve in the water line is outside the boundary of the 
nmeter, and so a small part of the water introduced into the sys- 
,is outside the calorimeter and does not enter into the thermal 
vss observed. This fact in no way affects the result because the 
hod of reducing the observations eliminates it as a quantity 
ppendent of the amount of filling. Only minor differences, such, 
instance, as fortuitous changes in the temperature of the 
|| emergent portion of the water sample, could affect the results. 
se effects would appear as accidental errors in a large group of 
asurements. 

he energy imparted by the pump during an experiment is taken 
»account in computing the tesults. The pump power is deter- 
xd by supplementary experiments in which no electric power is 
plied and heat 


k is deter- | ae | 





ed, as will be nes 
scribed pres- 

ty. 

1 the heat-ca- 

tity experi- 

isit isnot im- 

rant that the 

inp power be 

own accurately. 

emethod of re- 

ction by com- 

ing results of 

periments dif- 

ting onlyin 

punt of water 

mple used elimi- Figure 10.—Wiring dtagram for calorimeter heating 
tes the pump power and its measurement 


erev from the J, calorimeter heater; S, spill coil; SB, storage battery; SR, standard re- 
pes . sistance; VB, bolt box; P, potentiometer; SC, standard cells;.G, gal- 
al result except vanometer. 


Its variation 
mone experiment to another. Changes in this factor would enter 
accidental errors in a series. Experiment showed that no sys- 
matic difference in pump power resulted from the use of different 
hounts of water. 
The group of measurements in the range 0° to 100° C. differed from 
ise in the other higher ranges in several respects. In the first 
ice, it was necessary to cool the calorimeter from the laboratory 
mperature down to the starting point of the series as a preliminary 
the experiments. At best this preliminary cooling was a slow 
ness. On the other hand, the pressures in this range were low and 
® work was freer from leakage troubles incident to pressure. The 
esurements from 100° to 200° could be made more expeditiously, 
ii difficulties incident to the higher temperatures and pressures were 
tater. Above 200° these difficulties increased, and other obstacles 
(peration were encountered. These resulted in a greater percentage 
iuilures and necessitated occasional suspension of the observations 
rchanges and repairs. 
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A determination of heat capacity in the range 0° to 100° yj 
described to illustrate the principal features of the determinatiy 
over any temperature range. The procedure is, in general 
follows: 

A weighed sample of water is introduced into the calorimeter. 
provide a medium for extracting heat from the calorimeter 
expedite the cooling down to the initial temperature of the ser; 
helium is introduced into the space between the calorimeter and 
envelope to a pressure of about 10 cm of mercury. This gas y 
used because of its relatively high thermal conductivity. ; 

Carbon dioxide is used as the refrigerating medium both for cool; 
the bath down and for holding it at the low temperature while { 
calorimeter is being cooled. During this period of cooling the caloriy 
eter the bath is held very near, but not below 0° C. because freezij 
of the water in the lower tube must be avoided. 

The automatic thermoregulator is used during this time to maint, 
a practically steady temperature of the bath. It operates by 
pensating the excess refrigeration with electric heating, automatics 
regulated in the manner previously described. 

When the calorimeter has cooled to the desired temperature, { 
bath temperature is raised to the same value. The helium is th 
| 


) 


pumped out of the envelope space, leaving the residual pressure 
than 0.001 mm of mercury. The automatic thermoregulation, 
pump speed, and the power supply which is to furnish heat to { 
calorimeter are all finally adjusted. The mantle around the referen 
block is lowered, and after a short wait for a steady state to be reach 
the preliminaries are complete and the observations are begun. 

The initial temperature of the calorimeter is measured by taki 
simultaneous readings on the resistance thermometers and the emf 
of the five thermoelements on the calorimeter in series. Two observ 
tions on each of the three thermometers are taken for a determinati 
of a single temperature. Readings are begun two minutes previo 
to the time chosen for switching on the power to the calorimet 
heater and are continued at 20-second intervals until the six temper 
ture observations have been made. The order used in reading tI 
thermometers is not important, but was kept the same at the beginnil 
and end of each experiment. 

The operator increases the energy supply to the bath a little befo 
switching on the power to the calorimeter heater, so that the envelof 
temperature and the calorimeter temperature will start to rise 
nearly the same time and the same rate. On the chosen zero instal 
the automatic switch is thrown and the current started in the ca 
rimeter heater. The operator, guided by indications of the differe 
tial thermoelements, keeps the power supply to the bath so adjust 
that the rising temperatures of the calorimeter ard envelope are ke] 
very nearly together. 

At 1-minute intervals the small temperature differences as indicat 
by the differential thermoelements are observed. The record 
observes the current and potential drop in the heater on alterna 
minutes. 

The heating is continued for an integral number of minutes & 
stopped on the zero of that minute when the temperature is neare 
to 10°. By proper preliminary adjustment of the power supply !! 
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| temperature is brought in nearly all cases to within less than 
om the chosen even temperature. 
yst before the end of the heating period the operator decreases 
oe supply to the bath so that the bath temperature will not 
ed the final temperature of the calorimeter. On the chosen 
sant the automatic switch is thrown and the current stopped in 
cglorimeter heater. As quickly as possible the bath temperature 
rol Is shifted to the thermoregulator, and a few minutes are 
wed for the establishment of a steady state. During this interim, 
dings of the differential thermoelements are continued. Within 
weonds after the power is turned off, the calorimeter temperature 
sbecome uniform. 
When the bath temperature has become steady, the temperature 
the calorimeter is observed as previously described. During the 
wim the power now on the spill is readjusted to take care of the 
uge in the heat capacity of the calorimeter and its contents over 
next 10° interval. This makes it possible to stop at very nearly 
‘with an integral number of minutes of heating. 
The final temperature of the first interval is the initial temperature 
thesecond interval. The experiments are continued in steps of 10° 
far as desired. 
for temperatures of 60° and above, no refrigeration is required 
the satisfactory regulation of the bath temperature. 


3. LATENT-HEAT DETERMINATIONS 


The measurements * the second type which determine the value 


the quantity D+ Loe re denoted by the symbol 7, were carried out 


certain chosen temperatures at which the values of L, the heat of 
porization, were desired 

The process of evaporating and removing saturated vapor is a flow 
yess, and in these experiments the instrument is used as a flow 
lrimeter with storage for the fluid sample. The experiments are 
med out strictly as flow experiments proceeding at a steady state. 
was possible to perform them as successive determinations, immedi- 
ly following one another without disturbance of the steady con- 
tion. Sometimes as many as eight separate measurements were 
dein one series during a day’s work. 

The procedure for the measurement of latent heat is in general as 
follows: 

4 weighed charge of water is introduced into the calorimeter. 
ee containers are evacuated, conditioned, weighed, and attached 
the three vapor lines. The lines up to the shut-off valves are then 
icuated and the vacuum valves closed. 

1 the following discussion the three flow lines for vapor, and the 
responding shut-off valves will be designated as Nos. 1, 2, and 3. 
is numbering is convenient for the description of the manipulation, 
thas no further significance. In the preliminary operations to 
lab blish the steady state the receiver in position 1 is used, and it 
t be spoken of as the spill. When in use each of the tempering 
ils at the top is immersed in boiling water and each of the receivers 
cold running water. 

uring the ‘preliminary heating of the calorimeter and bath, the 
ut-off valve and the receiver valve in the spill line are open. This 
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prevent; any leak past the throttle from causing pressure to builj 
on the diaphragm of the valves in the vapor lines. The caloriy 
pump is running during the heating up and its speed is adjust 
the desired value. 

When the temperature chosen for operation is reached by both 
calorimeter and the bath, and when the bath temperature is pro 
held there by the ther moregulator, the withdrawal of vapor cay 
begun. 

The current for the calorimeter heater, previously adjusted t 
value to give the desired rate of evaporation, is then turned on, 
throttle is opened and gradually adjusted to the rate of flow y 
will maintain the calorimeter temperature constant and equal t 
practically constant temperature of the envelope. The flow 
the spill in line 1 is continued for about a half hour while the oper 
completes the adjustment of the throttle to bring the pa hi ster 
steady temperature. This much time at least was allowed to in 
that any liquid which had lodged in the tubes could be swept out af 
steady state of flow of dry saturated vapor established. 

Meanwhile the automatic throw mechanism for the shut-oft \ 
is adjusted so that No. 1 will close and No. 2 open at a chosen gj 
from the standard clock. The valve on the receiver in line No, 
opened to allow passage of vapor when shut-off valve No. 2 open 

Before starting the measurements, a survey of the temperaj 
existing at various points in the system is made to verify the exist 
of the steady state. 

Six temperature observations are taken at times 10, 20, an 
seconds before and after the transfer of the flow from line 1 to lin 
For these observations simultaneous readings are taken of the re 
ance of a single thermometer and the emf of the five thermoelem 
on the calorimeter in series. 

On the chosen minute the flow is shifted from line 1 to ling 
Observations of the temperatures of the calorimeter and referg 
block are made on each succeeding minute, the operator maintail 
the calorimeter temperature as nearly constant as possible by adj 
ment of the throttle valve. Observations are made of current 
potential drop in the calorimeter heater on the alternate minu 
Meanwhile determinations are made of the mass of water which 
been removed, by weighing the spill and the residual water in 
lines which has been caught in the liquid air trap. A welg 
receiver is put in position 1 and the tempering coil evacuated. 
valve mechanism Is reset to be ready for the transfer of the flow 
line 2 to line 3 

Water samples removed are usually about 30 g. The time ol 
experiment is therefore determined by the rate at which the ené 
is supplied to the calorimeter. After the desired amount of w 
has been collected in position 2, temperatures are again measure 
before. 

The above-described procedure is repeated as long as time or 
quantity of water in the calorimeter permits, each experiment ¢ 
stituting an independent determination. 
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FIGURE 


(NotEe.—This is not a true 


C, calorimeter shell (C 

E, envelope shell (Cu-] 

B, threaded band (Mo 

G, gold gaskets. 

ST, support tubes (Ag 
(water and steam 

I, pump impeller. 

F, pump casing (Ag). 

O, ball bearings (Ir all 

P, water port. 

H, calorimeter heater 

WA, gauze apron (Ag) 

CL, current lead (Au). 

PL, potential lead (Au 

PC, pressure capsule ( 

GL, gage line. 

WL, liquid water line ( 

WSB, water stuffing b« 

WV, water valve. 

WR, water receiver. 

RV, receiver valve. 

“AC, vacuum line. 

vacuum valve. 

VL, vapor line. 

V, shut-off valve. 
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Figure 11.—WSection of assembled calorimeter 








not a true section but shows sections of important parts projected on a plane) 


shell (Cu-Ni). 
ell (Cu-Ni). 
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id (Au). 
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ter line (Ag). 
uffing box. 
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eiver. 

alve. 

line. 
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TV, throttle valve. 

VM, valve mechanism. 

OL, operating lever. 

SL, spring lever. 

L, link. 

K, backlash spring. 

7D, thermoregulator dilatometer. 
R, reference block (Cu). 

D, diaphragm. 

M, mantle. 

J1,J2,* * *~, principal junctions. 
RJ, reference junctions. 

TL, thermoelement leads (Au). 
S, gas-tight insulating seal. 

TA, anchorage for 7'L leads (Cu). 
7’, Pt resistance thermometer. 
OIL, oil bath. 

OP, oil pump. 

OSB, oil stuffing box. 

MH, main heater. 

AH, auxiliary heater. 

RH, regulating heater. 

CH, central heater. 

RC, refrigerating coil. 

CW, cooling water. 
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4. EVAPORATION FACTOR 


: u 
The a experiments yield values of the quantity H—L as and the 
U 


experiments yield values of L+ L my To determine the values of 


/ 
U 
and L from these quantities it is necessary to know the value of 


u ' : . 
e quantity L a sag which has been designated as 8. In the anal- 


3? it is shown that this correction term 8 may be determined 
orimetrically as the amount of energy which is supplied per gram 
saturated liquid withdrawn at a constant temperature. 

The procedure for a determination of 6 at a given temperature is 
follows : 

A weighed charge of water is introduced into the calorimeter. The 
mperatures of the calorimeter and the bath are brought to the 
lue chosen for operation. The electric power on the spill is adjusted 
that the proper rate of withdrawal of water will approximate a 
osen value. The pump speed is adjusted and controlled as in the a 
d y experiments. 

A weighed container is attached to the lower tempering coil and 
coil evacuated. The shut-off valve in the liquid line is now of 
throttling type previously described, with arrangements for 
ntrol by the operator at the instrument table. 

The temperature of the calorimeter is measured as in the a experi- 
nts, and the power is similarly thrown on. As quickly as possible 
e operator opens the throttle for the liquid and adjusts it until the 
uperature of the calorimeter is constant and practically equal to 
‘bath temperature. As in the a experiments, readings of the 
lerential thermoelements and the power to the heater are recorded 
the successive 1-minute intervals. At the chosen instant for stop- 
ig the experiment the power is cut off. The throttle is closed at 
ch a time that the final temperature of the calorimeter is nearly 
esame as that of the bath. If the calorimeter is a little too hot, 
re liquid can be withdrawn until the desired state is reached. The 
al temperature is then measured as before. The water withdrawn 
collected and weighed in the manner already described. 

No provision was made for making more than a single 8 experi- 
nt at a time, and therefore it was necessary to measure only the 
ue of electric heating and not the time of flow. 


5. THERMAL LEAKAGE 


When a difference of temperature exists between the calorimeter 
dits envelope, there is an accompanying transfer of heat by radia- 
n, conduction, and convection. For small temperature differ- 
lees the amount of energy transferred per unit time is proportional 
this temperature difference. 

In operation it is impossible to keep the temperatures of the calo- 
meter and its envelope identical at all times. The existing tem- 
ature difference can, however, be kept very small, and over a 
riod of time can be so controlled that the integrated value is almost 
0. In the measurements this ideal was approached as the oper- 
or gained experience. 





See footnote 2, p. 412, 
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To properly correct for the thermal leakage in those experiny 
where the temperature difference did not integrate to zero, a go 
experiments was performed to determine the thermal- leakace , P 
efficient. These experiments are per formed under temperature ' 
ditions which are identical, as far as is possible, with those preyajjy 
during the a, 8, and y experiments, except that the temperature jj 
ference between the calorimeter and its envelope is purposely 1; 
greater. The total amount of energy transferred under aad 
gerated temperature difference, the value of the difference, and; 
time over which the difference exists are observed. No electrig 
energy is added to the calorimeter, and during most of the time of y 
experiment the pump is stopped. Thus practically all of the obser 
energy change is due to thermal leakage. Because the calorings 
was used both with the envelope space evacuated and filled yi 
nitrogen, a set of heat-leak experiments under each of these cong 
tions was necessary. These heat-leak experiments are carried | 
follows: 

The calorimeter is charged with about 250 g of water and y 
temperature and that of the bath are brought to the temperaty 
chosen for operation. The initial temperature is observed with : 
pump running, and on the next minute the pump is stopped. 1h 
temperature of the bath is then raised or lowered until the « 
is either hotter or colder than the calorimeter by an amount com 
sponding to about 100 microvolts (two-thirds of a degree) on ¢ 
differential: or regulating thermoelements. At 1-m Linute inter 
readings of this indication are recorded in microvolts over a period 
from 30 minutes to one hour. At the end of this time ie bath ta 
perature is brought back to that of the calorimeter and on an inte 
minute the pump is started to insure uniformity of temper 
throughout the calorimeter. The final temperature is then obse 
as before. 

The pump is stopped during most of the time of the experima 
so that the uncertainty in the determination of the energy suppli¢ 
by the pump does not enter into the determination of the renee 
leakage rate. Small corrections are made for the energy supplied 
the pump during the short intervals at the beginning and end of: 
experiment. 

The data obtained in such an experiment, when combined wil 
the previously determined heat capacity of the calorimeter and 
contents, yield the amount of heat transferred per microvolt-mi 
at the temperature of the experiment. In accordance with Newton! 
law of cooling, this coefficient or thermal-leakage rate can be used: 
a factor which, when multiplied by the resultant number of microvoll 
minutes for any experiment at that temperature, gives directly ! 
net heat exchange due to heat leak. At the higher temperate 
where a small difference in temperature corresponds to a much larg 
difference in vapor pressure, the bath was kept colder than ' 
calorimeter in the heat-leak experiments. This insured against 
direct transfer of heat from the bath to the calorimeter by act! 
boiling in the lower support tube. ; 

The heat-leak experiments, on account of the method in which tl 
are performed, furnish an opportunity for the direct calibration 
the thermoelements against the resistance thermometers. If 
bath temperature is measured both before and after it is change a 
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ultaneous indications of the five thermoelements on the calorim- 
» in series can be interpreted directly in terms of the thermome- 
. since the change in the calorimeter temperature in the short 
erval of time involved is small. Only the five series thermoele- 
nts were so calibrated, because the indications of the others need 
be expressed in degrees. 


6. PUMP ENERGY 


he energy supplied to the calorimeter by the pump appears as a 
rection Which must be applied to obtain the total energy added in 
v,8and y experiments. As previously shown, the knowledge of the 
bo value of this pump energy is not of vital importance in the 
erminations of a, but it appears directly in the evaluation of B 

y. and must therefore be carefully determined. 

The pump energy determinations are carried out as follows: 

‘he calorimeter, containing a known mass of water, is brought, 
me with the bath, to the temperature chosen for the observation. 
he pump speed is regulated to the desired value. The initial tem- 
ature of the calorimeter is measured at a chosen time. At 1- 
nute intervals the indications of the differential thermoelements 
recorded. The bath temperature is raised from time to time to 
luce the integrated value of the temperature difference between 
jorimeter and envelope to virtually zero. After a period varying 
m 30 minutes to one hour the final temperature of the calorimeter 
observed. 

The data obtained from such an experiment, together with the 
viously determined heat capacity of the calorimeter and its con- 
is, yield directly the rate at which energy is supplied to the calo- 
eter by the pump. 

Similar experiments carried out with different quantities of water 
the calorimeter showed no systematic variation in the pump 
ergy rate with the mass of the water. 

Experiments were performed with the pump running at various 
eeds, but throughout most of the work the speed employed was 
out 900 revolutions per minute. 


VI. RESULTS OF MEASUREMENTS 
1. ALPHA EXPERIMENTS 


In the following record of the results of the measurements the ex- 
rmental data have been assembled in the form of tables. An 
ample of the record of a single determination of heat capacity of 
ecalorimeter and its charge of water, over a 10° interval, is given 
Table 1. The total time of experiment over which the heat-leak 
ii pump-energy corrections are applied is the interval between the 
dle instants of the initial and final periods of temperature read- 
es. The total heat-leak factor for this interval is the sum of the 
it-leak indications at 1-minute periods during this time. This 
tor in microvolt-minutes multiplied by the heat-leak coefficient in 
les per microvolt-minute gives the heat-leak correction in joules. 
umerous determinations of the heat-leak coefficient were made, 
d the values observed have been assembled in the form of a chart. 
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Figure 12.—Heat-leak coefficient 


Lower curve with space evacuated; upper curve with nitrogen in space. 


TABLE 1.—Data sheet— Determination of heat capacity 
Experiment No. 193-U. January 26, 1929. 
200° to 210° C. 
Observers: N.S. O., H. F. S., and E. F. F. 


Thermo- 


Thermometers 
Thermometers elements 


Electric power 


Desig- 
nation 


; oO -§ Regu- 
Bridge .@.1 “| lating | 


© z 


pe, Amperes Volts 
2) 


PD PO oP 


9929 
9924 


9920 
20. 193 

1.9916 
90. 192 


9912 


th bO PO BO tS PO PO bs Pt PO BS tO bt NS PO tS 


. YYOY 


37 

38 

39.00 
39.20 
39.40 
40.00 
40.20 
40.40 


Total heat-leak factor = +5 uv minutes. Total time of experiment 12.22 to 12.40=1,080 seconds 
time of electric heating, 12.23 to 12.35=720 seconds. 
te . ° fy 
The correction for pump energy is computed as the product 01! 
total time of the experiment by the pump power. The values 0! 
pump power taken were those determined from time to time In spe" 
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nk experiments for obtaining this quantity. Nearly 200 pump- 
oy determinations were made throughout the experimental work, 
‘the values observed have been assembled in the form of a chart. 
- 13.) In computing the results of the work on heat capacity the 
ues {or pump power have been modified at various times in the 
; of additional determinations. It has not been necessary to 
ise the earlier calculations on the basis of a uniform value for 
mp power, because this factor has so little effect on the final result. 

partial reduction of the observations is given in Table 2. This 
ludes the computation of the initial and final temperatures of the 
brimeter and the computation of the electric energy added. The 
ication of each of the three platinum resistance thermometers is 















































100 150 200 
Temperature, Deg. Cent. 
FicurE 13.—Pump power 


Lower curve with tachometer at 51 cm; upper curve with tachometer at 70 cm. 


puted separately. The mean of the three is then taken as the 
perature of the reference block. The mean of the six readings of 
Five series thermoelements on the calorimeter, reduced to degrees, 
es the difference in temperature between the reference block and 
tcalorimeter. The observed temperature of the reference block 
ils this difference equals the calorimeter temperature at the middle 
tant of the series of temperature observations. 


TABLE 2.—Computation—determination of heat capacity 


Experiment No. 193-U. 200° to 210° C. 





Initial Final 





2 3 4 2 3 
45, 2014 45. 4764 45, 8159 46. 2553 46. 4436 
. 0096 . 0096 . 0096 . 0096 . 0096 
45. 3010 45. 4860 45, 8255 46. 2649 46. 4532 | 
19. 6930 19. 7575 19. 8716 20. 6569 20. 7247 
1100 £0) - : a . 197. 090 197.095 | 197. 064 206. 737 206. 744 
10-1) 6 a i 2. 961 2. 965 2. 997 3.425 3. 429 
block temperature 200.051 | 200.060 | 200.061 | 210.162 | 210.173 
ference block temperature abe : WOME | NSawasaawaale« 
microvolts) -- . --- 
5 (degrees) ee eee ee waste —. 030 
fra'ure of calorimeter ee 
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Calculation of energy 





, Current 
Potentiometer | (amperes) | 


Mean reading----.-.-----.-- ey ane ee . 99183 || Mean reading. ---- 

Pot. correction Races : . 00020 || Pot. correction -_- 

Correction for std. 0.01 ohm _____..-__-- 00010 || Correction for volt-box factor _- 
Correction for volt-box current... ----- . 00060 


fe Ca. a . 99133 || Voltage E= 





Time of electric heating =t= ’ Ce Sade wumeh ae weetra ee iat oar Ike betes 7H a 
Total electric energy =/Et=__-_-- ae idiadici hove " accsums JORIS 
Total time of experiment_- 
Pump power. 

Pump energy E oes oe anne hi E 
Total heat-leak factor q . : : . Mv-min { 
Heat-leak coefficient joules/mv-min 

Heat leak .----- i 


seconds 
watts 


Entire energy added_-__- ‘ te . 2 ....-- joules 


The computation of temperature from the observed resistano{lme: 
the platinum thermometers is made by use of the Callendar form; 


8=100(Re — Ro)/(Ryoo — Ro) + 0.010(0.016— 1)é. - 


The constants Ro, Rio—Ro, and 6 are determined, as previo: 
described, by calibration either directly or indirectly, using | 
steam, and boiling sulphur as fixed points. 

In computing the electric energy, corrections are applied for po 
tiometer calibration, standard 0.01l-ohm resistance, volt-boxy 1 
and for the fraction of the total measured current which is carried 
the volt box as a shunt across the heater. These corrections are ail 
to the mean values of the potentiometer readings for current 
voltage. The product of the corrected mean values of current: 
voltage, multiplied by the number of seconds of electric heating, s 
the total energy added electrically. An approximation is inv0l 
in taking the means of the readings before taking the products,! 
in all these experiments the power was so nearly constant that « 
in the extreme case this is less than 1 part in 100,000 and there 
negligible. 

The principal data from the entire group of experiments of this 
are given in Table 3. These experiments are arranged in groups,¢ 
of which includes all those covering a certain temperature inter 
The masses given are corrected to the nearest milligram for er 
the weights. These masses are the amounts of water introduced = 
the system, including the portion filling the water line out t 
shut-off valve. The initia! and final temperatures and total elect 
energy are computed as described above. = 


a experiments 


Principal data Jrom 





~ 
= 
3 
*) 
A 
~ 
3 
os 
8 
~ 
Ss 
3S 
we 
— 
"Ss 
<8) 
~ 
3 
~ 
= 
~~ 
SS 
a) 
> 
~~ 
it) 


? 
v 


ropert 


E 


220° 
$20" 


800° 
0£0 ° 
STO" 
00° 
100 ‘0— 
6/saynot 
“Fur 


LE6 ° 
8°6 * 
S10" 
£00 ° 


9F0 * 
966 ° 
010 
696 “IP 


S16 IP 
£96 1h 
896 TP 
R86 TP 
286 1h 


6/saynot 


"669 ‘E2 
"669 “2 
“6ES ‘0% 
‘CHS 0Z 


“9EL 
“9EL 


= L 


‘6£0 % 
‘ZE0* 
29L ‘8% 
CLL 8% 
‘69L ‘82 
saynol “quy 


"GOS ‘€% 
"Sh6 “FZ 
‘618 


“C6L 


‘8% 


‘82 
‘8% 
9 “STS ‘8% 


6 ‘09F ‘IZ 
9 09 2 
Z SP 81 
T ‘80 ‘ST 


ee 


$992 ‘FI 

I ‘FIZ ‘9T 
8 ‘ZZ ‘SZ 
G: 

Z OFS “SZ 
saynol *zuy 





*"SpUOdeS IB[OS MVIUM UIG{QO 03 6F/66'0 AQ PeT[dimMul oq 4SNU pUB ‘J9JOUIOUOIYO [eoJOpIS v YIM POUIUIOJEp O1OM SOTILT 1 


C6 


- ro 


OW Oo © 


g 021 


*3 rod sornof -yuy Zee" 1p= “v= 


£ "£02 
“16% 
“6S 
‘OF 


Ate 


‘OFZ 
rd 


OL 
‘02I 


oa 


a) 


Ta 
oe 


Bond 


& AMS quy donor: 


0 
oil? 7° 


I ‘60% ‘2 
FP 'SIR “b% 
L802 ‘0% 
6 “189 ‘0% 


T “169 ‘61 


0 ‘186 ‘1% 
6 ‘829 ‘LG 
I "E22 ‘8% 
6 808 ‘82 
£ ‘POE ‘8% 


on[va UBe}T 


0 992 ‘IZ 
9 ‘OFE ZS 
£ “$02 ‘ST 
£°C6L ‘LI 


T 818 ‘OT 
L199 FZ 
8 “LZL ‘ES 


€ OLE “LT 





Z SF9 ‘FL 
6 “160 ‘9T 
C186 “FZ 
9 “LLZ ‘SS 
€ LEP 'SZ 
qu saynol *quy 


| 
| 
| 
| 


AZ1309 
dung 


*3 10d sornof *yuy 9108 1h=“9=81[n JO anjva Uva; 


080 ‘T 
092 

080 ‘T 
080 ‘T 


080 'T 
O8F 
OS? 
O8F 


OZF 
OS? 
020 'T 
ore 
Ore 


spuovag’ 


*sarnof ‘yuy ¢°0 


002 ‘I 
029 ‘T 
OF ‘T 
026 ‘T 


00¢ ‘T 


OP’ 
OFL‘T 
' 

OFZ “E 
OF6 ‘% 
092 ‘% 
OFF ‘I 
00¢ “T 





*sornof 4uy ¢'0ze‘s= 


t OF % 
02h 'E 
089 % 
092 


028 ‘% 
OFF 'T 
0ZE 'T 
O8E ‘T 





just 

ixo 
jo oul} 
T810.L 





UPULVIA & 


100 


SO 
£26 


L¥I 
889 


obP 


31% 


£02 
Po8 


2g9 
261 
LbP 
O1% 


£80 
00T 
O88 
208 


8= plz 


‘0% 
0% 
‘02 
‘61 


6I 
61 
‘0Z 
‘6l 
‘0Z 


“br 
‘6I 
‘02 
‘0% 
‘02 


orl’ 


‘Or 
‘Ol 
6 
6 


66F 6 
092° 
SIR" 
G93" 


602 * 
286° 
sakes 


OSE 


G82 ‘OL 
‘Do 


77] 
ein} 


x19} | 


> *® 


2? Worst 


* 02-01 [BA190} UT 0.1N4BINdUI9}-19A | 


£80 ‘OT 108 ‘99¢ 

‘Ol 108 ‘99¢ 
: L00 ‘162 
100 ‘162 


100 “162 
$20 “S67 
$90 “€6P 
LER “9ZE 
£E8 “9SE 


LOT “L8¥ 
LOT L8P 
LOI “284 
LOT “L8¢ 
LOI “L8b 





* 01-0 [BAI94UT < 


TO8 “$98 
108 * 
100° 





‘any 
‘any 
‘any 
‘sny 


L261 ‘ol 
LZ61 ‘6 
L261 “‘P 
LEB ‘E 


‘Bny 
Aine 
Atne 
Arne 
Aine 


LEB ‘Z 
LZBI ‘SZ 
LZBI ‘ZS 
L261 ‘OT 
L261 ‘TI 





L261 “02 


| 

| eune 
| LZ6I ‘LT 

| 

} 


aune 
eune 
eune 
eune 


L261 ‘OT 
LZBI “ET 
LZ61 “OL 


IN} VIIA U194-W9A 4 


LZ6T ‘OT 
L261 ‘6 
L261 ‘F 
LOBL“E 


‘any 
‘any 
‘any 
‘gny 


‘any 
Ayoe 
Ajue 
Leet ‘gt Arne 
461 ‘ot Aine 
Arne 
eune 
eunr 
eunr 


L261 ‘91 
LZ6I “ET 
LZ61 OL 





19 
ein} | 


-e19d 019} } 


jenray | 


DIPpP 71 


e1eqd 


‘ON juomIIEd xy 





= 
~_ 
~~ 
S 
> 
A) 
D 
a 
Re 
= 
-_ 
~~ 
S 
~ 
~ 
~ 
- 
= 
° 
mm 
% 
— 
~ 
~ 
S 
sS 
4 
~ 
3 
Pa 
Y) 
‘tm, 
i) 
= 
8 
D 
~~ 
= 
Q 


800 *— 
$00 *— 
80 
FI0° 


100 *— 
900 * 
£00 *— 
Z10° 


820 *— 
910°— 
900 “— 
$00 “— 
£00 0 
b/saynot 
‘Jul 


“0—,I[0 
[BnpIsey 





LU 


L0L TF 
60L ‘Th 
90L “IF 
SIL IF 


589 “IF 


2L y 

202 ‘I 
vIL 'T 
GOL IF 
022 ‘T 
089 “Ih 
269 “IP 
Z0L ‘Tv 





‘919 
‘FO 
“eh0 
“L¥0 


9 “S0T 
9 00T 
9 “F6L 
2 °T6L 


*2 rad sernof 


*L90 
“T90 
‘BBL 


einyeied 
-U19}] U9A 
10} ABZ100y 


£296 ‘TZ 
€ ‘GPT “6% 
Z ‘OLS “6% 


> GES “8% 


L ‘198 ‘%% 
0 619 ‘TZ 
b '9ZL ‘8Z 
0 “STS ‘8z 
9 089 ‘8z 


9 99% ‘Ez 


iN 


e 


i. 


Con 
Nadel 


Onna 
03 AN A od 


_! 


sajnot ° ‘uy | pn quy 


peppe 
A319u0 
elu gy 


“VT 8LOL 1h= 





‘96 
¢ SOT 
0°16 
8 96 


o '96 
L601 
0 OIT 
0 OIT 
£°16 


“D= 02 [> JO on[BaA UBIy 


0€ 


6°88 

8 “ZOT 
¢ “90T 
9 COT 


0 E01 
6 ‘TEI 
L101 
L°SOT 


0 0&T 
0 ZIT 
ell 
9 ‘ZOT 
b 021 
sagnol "yur 








| 
| 
| 
} 


Lg 0Z 
6 ‘898 ‘TZ 
b LEO “6% 
L‘OLP ‘6% 
I “OP “8% 


8 “E92 ‘22 
9209 “TZ 
b ET9 "82 
Z ‘LO ‘82 
Z ‘08S "8% 


T 662 ‘61 
£ 089 ‘0z 
F269 ‘0% 


9 “FIO ‘22 
I ‘626 | 


¢ oe ‘re 


b 'b9F ‘2Z 
8 “8h6 ‘02 

8 “E6h “82 
+ LOP ‘8 

T 929 ‘82 
saynol *zuy 


sopmor 


009 
O8SZ 1 
009 
009 


009 
009 
009 
009 


009 
009 
009 
009 
009 


009 
009 
spuoragy 


| 
| 
| 
| 








AZ10u9 
dumd 


A3Z10u0 
d11}09]9 


Zutjvey 
d11}09]9 


JO OUILE 





OPt ‘T 
O8E ‘T 
002 “T 
OFI ‘T 


O8E 
009 
OSE 
O8E 


Ose 
09¢ 
09g 
09¢ * 
ose ‘T 


*sornof “yuy 


002 
O8E 


spuorag 


quour 
-110d x9 
jo oul} 
[®2190.L 


y 
a4u7 CORE ‘SR = OfLZ 


or 
226 6 
9c 
200 “OF 
000 ‘OF 


689 ‘6E 
P16 ‘6E 
929 *6E 
£€9 “6E 
SIT ‘OF 
892 ‘OF 
691 ‘OF 


8=pelZ 


688 62 
ZO8 "8% 
PIT OF 
P86 “62 


668 *6Z 
LSP ‘62 
6% 


&9 
ein} 
#100194 
[euly 


oO 
688 
ZO8 
FIT * 
P86 * 


668 * 
L8P° 
LOS 

680 * 


SSP 62 
OS8 "62 
Zbl OE 
P9E “OF 
602 “‘O€ 


* 0E-00Z 


= ‘0% 


'9 
ein} 
-Bied 10} 
fenuy 


| 


[BA104UT 


100 162 
TOO “162% 


100 "162 L261 ‘°% “sny 
L261 ‘4% Ayue 
L261 ‘Ge Aue 
L261 ‘7% =Arne 


Aine 
Ainge 
euns 
eune 
ouns 


LZ6I “ST 
LZ6I ‘ZT 
L261 “OT 
L761 ‘EI 
LZ61 ‘OF 





LOI" LSP 
LOI L8b 
LOL LSP 


| 
| 


0inyesed uld}-UDA 


‘any 
‘any 
‘any 
‘any 


| L261 ‘OT 
L261 ‘6 
L261 “b 
LBL “E 


100° 162 
100 “16% 


‘any 
Arne 
Aine 
Ainge 


L261 ‘% 
LZBI 12 
L261 ‘GZ 


LEI ‘GS 


100 ‘16z | 
$20 ‘6h | 
#0 ° | 


Ane 
Ainge 
eune 
eunr 
ouns 


EES “9ZE LZ6T “OT 
8 '9SE ard | 
OI "L8h L261 ‘9T 
IT LSP LZ6T “ET 

LOT “L8¢ L261 ‘OI 

6 


WwW 
JO}BA 
es SsBYy 





1 


penuyae)-—— 


G 


6 


HZ+clPW=cl squawmiadza 0 woif pop pod19Ur14,] 


a 


alav y, 


‘ON Jueutedx | 








‘Chr “dl ‘T 040300] 9a; 

09} jo oNVA UVvdyY ‘sornof *4yuy z'099'9 = 09 
OL : : Be OL 
b'L¥6 ‘8% ‘6b6 ‘€2 |Z 112 ‘6% | 0091 | Ser ‘¢ £92 09 108° 
Co °LE6 7 % CL8 “8% 099 1 108 
G ‘862 "662 ‘TZ 009 1% 1 ¢ cos 6g | : 100° 
9 T62 960 ‘09 160° 
0°28 00 ‘09 100° 
a: 806 ‘69 £20" 
L “8S ; ’ 9ST 09 =| ¥0 Aine 
"S88 ‘8Z 009 OF} €41'09 | #60" L261 ‘Ge Ane 
p12 ‘62 | 009 | 4666S | PSO 'E6h | 226 ‘ez Ane j--------- 
“760 ‘OE 009 66 “6S $90 “6b LEBI "2S Aine 
"288 ‘72 =|: 009 cc0 ‘09 =| €€8"97E =| L261 ‘er Aine 
126 ‘8% | 009 02009 =| LOT 28h | L261 ‘OT eung 

“L08 ‘82 7 9 ‘FIL ‘8% 009 OS’ 69 22009 =| LOL “LEP L261 ‘eT ounse 
9 “288 ‘8z d ¢ L862 ‘82 009 092 696 “69 16669 | LOL “L8F 2261 ‘OT ouns 
*3 Jad sarnof ‘3uy [? JO on[eVAa Uva] *sarnof *yuy 9'869'8=0(z *909-.0¢ [BAI0]UT oINyeIOdU194-09.4" 
L ‘088 '€% b LVS ‘FZ ‘OST ‘$2 009 £92 ‘09 bee 46 | tee ee | ee SE awe [----------*--- 
9 “FRB “EZ SLI ‘IS | ‘ | € 182 1% 009 8S “69 OSPF ‘0S 108 ‘998 ‘aay tot : 
& FEL ‘0G «=| $'60L‘0Z «| 8" "88 | 1819 ‘0% =| 009 ecg 6¢ | 298 6h =|: 100 16% ‘any |--~ 
6 “LZL ‘0% z “L09 “0% TZS ‘02 009 960 ‘09 6ST ‘0S | 100 ‘16z . ‘gny |------ 
| 


*3 Jad saynof *yuy gzgy [¢=“O= Z 004-009 [PAU UT 01N4wIEdUI0}-T9A F 

Let Gt ‘Bay [-=**"*""" 
‘any : 

‘gsny 

‘gny 





‘sny 
Arne 





Z “106 

9 “T86 

¢ E18 62 
‘0€ 

















ater and Steam 


vy 





100 "162 ‘any 
| $20 "e6b | Le6I ‘22 Aue 
£0 ‘6h 2061 °SZ Ane 
$90 86h | 2261 ‘ez Arne 


0 OFL ‘0% 8 “LEL ‘0% "Sk “L¥9 ‘0% | 009 ‘ OOT ‘09 260 0S 
L ‘SPI 6% 8 ‘8 cs 7 "Plg | 009 806 “6S 220 ‘0¢ 
Z LEI ‘6S as é "T6E “62 009 } ELI “09 ¢s0 ‘0¢ 


¢69 € ‘SST 6% A ) ‘OFF ‘62 009 [66 *6¢ 198 ‘6h 











| | 
‘7z =| 009 ¢¢0 ‘09 296 6 =| eeg9ze =| uzel ‘et Aine 


08 “SZ | 009 040 09 220 ‘0S | LOI ‘L8b 4261 ‘91 ounge 





L¥9 I ‘O1Z ‘% 
969 * £ 606 “8% 
419° 0 006 ‘8z 6 ‘999 “8Z 


gsy L £06 ‘8 > G09 "8% 











6FS ‘8% | 009 09¢ ‘T 29009 =| 91 0S =| LOT “ZRF 
°‘8z | 009 OFF ‘T =| 1666S 30'0S =| LOI “28h 
_ OF, 
~ 0g 


eunr 
eunr 


es of Saturated 








; 


*3 Jed sornof yuy 1R69' TF= [2 JO NBA UBayy ‘sarnoft “yuy [Z *909-, 0% [VA1O4UI 01NI’19d T19}-UBA 4 





€ | 6°98T ‘#Z =| 009 | 002 226 “6S ewes ft aeer OL eee Ls eoese 
6 TSR “ES : 099 002 ; 9SE ‘OF 108 ‘998 | 2261‘6 ‘“sny : paws 
& EL9 8 F6E ‘0% : ‘ ¢ ; 009 OFF 6 Z00 “OF 100 16% | 2261 ‘Bny 


9 ‘099 "886 ‘0% ) te ‘O16 ‘02 009 100 ‘OF | 100 “16% 24261 ‘E “any 





Propert 





OFS Co ‘OF ‘any 
009 PSO ‘OF Ajne 
009 689 “68 ‘ , Arne 
009 it 16 “68 








009 
009 
oov 










Z OF 
GUL “OL 


Serer - san zEOz 





SOENOE SE O'OUrS= Of [GAs04U1 OANQuaod 





"Ty 






‘ds Journal of Research 


be 
S 
ee_ 
S 
= 
S 
~~ 
2 

~ 
~ 
~ 
Py 
S 
iS) 
~ 
~ 
i) 


010 *— 
L00°— 
9€0° 

400 *— 


800 
100 
100° 
200 


800 * 
20° 
000° 
800° 
800 ‘0- 
B/saynot 
“Jul 


Cro IF 
199 ‘Ti 
GOL TP 
9¢9 IP 


819 TP 
1L9 TP 
699 TF 


ol19 IF 
SLO Lb 
1ZL It 
189 Tt 


£69 “IF 
989 LP 
PRO IP 
£89 “Lf 


“Th 

IF 

It 

8 

LL9 TF 
b/saynol 

‘pul 


»\[~ 


| 
| 





I “880 ‘6% 
6 “£60 “6S 
L 86 (0% 


9 “PE6 ‘0% 


“TPG ‘02 
“986 “0% 


‘OSE 
OZP 
Itt 
r OIL 
TIT 


I 
sapnoft *quy 


‘iO 
SsTBAsIOqUT 
einjye1ed 


-U190} UVAVG 


1oy AB1e 


“LOE 


arnot 


“O16 ‘0% 
860 “02 


i 


G SUY OG 


L¥89 IF 


EST “OF 


> O16 63% 


ELI ‘62 
Z, . | [8% 


qnol *yuy saynof *yuy saynot quy 


AZ190u9 
dund 


0 ‘OR 
892 ‘OS 
8IZ O8 
910 U8 


ORE ‘T 

OPT | 1¢¢ 
0ZE “T cf 
008 ‘T 618 


| 186 “62 
009 806 “62 
009 
009 


OFF ‘T VSP’ 
| O89 ‘T | 1ve 
008 “T eee 
| OFF 'T el 
| O8E'T 692 


009 
009 
009 
009 
009 820 ‘08 
*sornof “yay 8°8sl‘8= “08 


C6I OL 
269 “OU 
Sel OL 
066 * 


190 ‘OL 
128 


Ww 


O09 
OOU 
009 
UOU 
OOD 
SPU0IIS 





yuUSsUI ei 


-e1oduie} 
[Byte] 


011}09]9 
jo oul! 


iv, 


» Spuaurt 1x9 


7 UOL f D)]DP 


100 


100 “162 
100 “162 
#90 “L6P 
¥oO “COP 


£20 ‘£6F 
ELR “VZE 
LOT “LSP 
LOT L&t 
LOL LSP 


Adk 


108 
TOS “¢ 
100 “162 
100 


100 “162 
$90 “E64 
¥30 “Ob 


20 “E6t 


W 
I9]BM 


jo ssv iq 


f 


Aine 

Ajug | 
eung | 
eune | 
eune | 


L261 ‘EZ 
L261 “SI 
LEAL ‘YI 
LZBI ‘ET 
LZ61 OL 


IN{vI9d U104-U9A 


‘Any 
any 
“any 
any 


L261 ‘OI 
L261 6 
L261 “Fb 
L261 ‘E 

“gny 


Ang 
Ajne 


iL ‘ET 


LZGBI ‘OT 


oune 
oung 


a1eqd 


ON JUsUILIEdX 





team 


Y 


sS 
= 
3 
Ss 
3 


ry 


\f Saturated W 


véS O 


Propert 


y10*— 
800 “— 
610° 
100 *“— 
020° 


$20 ° 
¢00 °— 








299 “IP 
£99 “IP 
089 “IP 
989 ‘IP 


069 “Th 
699 “lh 
699 “IP 
169 IF 


9¢9 ° 
989 
989 
289 
169 “IP 


FOL ° 
£29 ‘TP 
829° 
119 


9L9 “TF 
789 “TP 
60L T? 
689 TP 
OIL ‘TY 
vIL I 


CcR9 


*Z sod sornof 


bLCb “9% 
€ 990 “92 
0°40 9% 
I 'Gho 1% 


T “662 ‘9% 


“OST 0% 
‘PEL ‘0% 
2 PEL 0% 
“£86 ‘61 


"E16 ‘6I 


‘0Z 
‘SZ 
“6% 
“6S 
“6% 
i sarnof * 


LOL F% 
Z 129 ‘9% 
¢ 086 (02 
0 ‘R61 “TZ 


‘UT 2829 1h= "= 


“S31 
“e0L 
‘60L 
“or 


“16 
“POL 
D TOL 
‘001 


‘00! 
‘10r 
‘pOr 


| 2 Oil 
06 
oor 
6°L9 


‘T 
| y IL 
a 


JU] 9689 Th= "P= 

g 
y 
0 


00T 
Or 


[2 Jo On[BA TVOTY 


| 092 
09% 
09% 
002 


"699 ‘9% 
"802 °LZ 
“LOL ‘9% 


"998 ‘IZ 


"S86 ‘61 002 
‘002 ‘61 002 
‘T16 ‘61 00% 


| 
| 
‘082 ‘61 | 002 
| 
| 


“188 “61 


‘ 


002 
6Z 002 
“6% 002 
O80 
009 


009 
009 
009 


[P Jo onjva Uva FT 


| €°TL0 ‘6% 
| ¥ ‘8h ‘93 
| & 016 02 


009 
099 
099 
009 


8 612 1% 009 


0 656 ‘8% 
L‘vI8 “1% 
6 ZRS “6% 


I “Ss 


‘sarnof 


190 ‘OIT 
PFO OIL 
9F0 ‘OLT 
FPO “OIL 


LOOT 
608 ‘OLT 
£62 ‘OLT 
962 ‘OT 
g1z ‘OIL 


9€6 ‘60T 
) C86 “60I 
0ZE “T 2% OIL 
O8s ‘T Les 601 
026 ‘T 928 601 
_ 067- 
=oo1'Z 
916 66 


¥68 ‘OOT 


"UY ¢°168°8 


OFI ‘T 
002 ‘T 


| $91 ‘OOL 
| 2160 “O0T 
| G13 OOT 
220 ‘OOT 


| 
| 


‘ec 


* O1T-,00T [BATeUI 91nj}v19d119}-T9A FT 


0 ‘00! 
F216 65 
Z£0 ‘OOT 
L61 ‘O0T 


S81 “OOT 
660 “00T 
L1Z ‘00! 

)OOr 


€or ‘Oot 

) OO! 
POL “OO! 
cet ‘OO 
640 “OOT 


160 “OOT 
Z1Z “OOL 
9Z1 “OOT 
909 “66 


R261 “9 


RZ6T “T 


€£E “OTF 
ZO “OL 
eZ0 “OL 
ZS “LOE 


SZ61 “O08 


Ot 


OFL “E9Z 
£06 “SLP 
£06 “GLP 
£06 “SLE 
LOO “163 


100 “162 


| 2261 ‘LT 
[BAIOJUT 91NYVIIATU9}-W9A 
L261 ‘OL “2NV | 
L261‘6 “SY 
L261 ‘% ‘“BnYV | 
1z6l‘g “snV | 


108 

108 ‘99 
100 ‘162 
100 “16Z 


100 ‘162 
100 "162% 
PSO “C6P 
CO “S6F 


‘sny 
‘sny 
Arne | 
AINE |} 


} 


LEB1 SG 





FP d ‘T 939OUOOJ GIS 1 


=< 
S 
— 
S 
> 
H 
o 
RS 
a) 
~ 
3 
= 
~ 
S 
S 
= 
” 
S 
= 
3 
Ss 
= 
S 
> 
DH 
So 
3 
S 
D 
~ 
S 
wa 


00 *— 


L10° 


400° 
¥Z0 * 


600° 


000° 
200° 


290° 


900° 
200° 
200 * 
610° 
220° 
100 *—- 
900 *— 


800 


o- 


6/saynot 


“Jul 


“20—;1[0 


[Bt 


1PISEY 


689 ‘IF 
269 “TP 
1L9 ‘Ip 
p19 IP 
oL9 ‘Ih 


619 ‘Tt 
199 “IP 
169 “IF 
802 TP 
G29 TP 
$89 ‘IPF 
169 “IF 
£29 “iP 
069 “TF 
169 “TP 
989 “IF 
£02 Th 
II “IP 
$89 “Tb 
819 “Th 
929 “It 
b/saynot 
‘Jul 


F960 62 
IT ‘OPE “IZ 
6 ‘OPE “IZ 
g'PSL 62 
¥ ‘809 ‘6z 
T “L0¢ 061 ‘oe 


‘66 


sanof “4uy 


8 “ogc 
3 ELT ° 
L ‘Est 
Z ‘099 * 
C *L¥% ' 
6 64% 
6 “1S% 
¢ “S90 
8 ‘826 
L ‘626 
0 °226 


‘866 ‘61 
"CIO 62 


"G60 ‘IZ 
4 Ga 4 
‘VO8 “62 
b 068 9 ‘OSI ‘OE 
0 688 6 906 ‘6% 
sapnol * ny sagnol “guy 


y OW 


[Od a 
S[TBAJOqUI poppe 
> ed Sd Sd 
emeied | 319u0 
« i" vAc II u’ 
Joy Adu oat hea 


penulyueg 


989° lh =" 


yee] 
}BOT] 


“or 
“S01 . 


96 


AZ19000 
dung 


GSI 02 
@ 'V6I 


6 ‘620 ‘of 


= OP JO on[BA UvaTY 


b 210 ‘92 
196 


A3Z10u9 
d1109]9 
[210.L 


[> *2" 


009 
009 
009 
009 
009 


yay 


P68 * 
Z6L ” 
Sel 
RRE 
é90 


OET 
‘OSI 
‘OSI 
‘OSI 
> OFT 
‘OST 
> OF 
‘OSI 
OITy 


*sornof “uy 9°880'6 = og 2 


002 ‘T 
OFT 'T 
OFT ‘T 
002 ‘T 
002 ‘T 
002 ‘T 
002 ‘T 
002 ‘T 
002 ‘T 
00% A 
080 ‘T 
009 
009 
009 
009 
009 
spuoray’ 


Zulysvey 
d11,0019 


JO OUILL 


Z+cl°W 


OFZ‘ 
OFL 
0Z9 
026 
008 
OFL 
O86 
00 
008 
O86 
008 
OSE 


ORE * 
OZE 
OSE 
00¢ 
spUuovag 


saa Ne Nee Se 


}ueUur 
-l1edxe 
jo oul} 
[830.L 


Zl spuaumrtadxa » wouf DIpp pod 19Ur14 gq — 


£e0 
0£0 
£29 
1o6 
298 


‘OZT 
‘OBI 
‘611 
‘6ll 
‘6IT 
286 ‘611 
928 “6IT 
£20 ‘0Z1 
SEE 

lbh 

Z6I * 
9ST" 
£06 * 


9OT “OST 
e320 ‘031 


69 
ein} 


-Bieduie} 


reury 


or 





| 
| 
| 


g 
OFF ‘OZI 
G61 “OSI 
9ST ‘OZ 
£06 “61T 
1LZ OZ1 
9OL “OST 
£90 ‘Ocl 


o0ZI-,O1T [PAIOIUI 


100 ‘162 
100 “162 
bo0 “S6F 
LOL “L8b 
LOT “LSP 


L261 ad 
ZHL “OG 
2261 LI 


eune | 
oun | 


€Ee ‘6IF 
C20 ‘OIF 
820 ‘OIF 
28 “LOE 
| #92 °L9% 
POL “19% 
700 


8Z6I ° 
8261 | T 
SZ6I ‘TS 
8Z6I ‘OF 
“261 
L761 
zl‘ 
L261 * 
L261 * 
LZ61 * 
2261 * 
2261 ° 
LZ61 ‘ 
LZ61 
L261 “0 
24261 ‘ZT ouns 


SZT ‘OIL | 
Zehr OIL | 
ee OIL | 
POT OLT 
1c0 ‘OT 
PFO ‘OLT 
960 ‘OI 
201 ‘OI 


60€ “OLT 
£6 ‘OLT 
962 OIT 
812 OIL 
‘601 
‘Ol 
‘60I 
‘601 


“Qo 
‘qed 
‘ube 
‘ues 


100 “16% 
T00 “16Z 
FSO “86h 
LOT “L8¢ 
LOI “L8b 


9€6 
£22 
LE8 
928 


ein} 
-Bied 19} 
fenruy 


BE a nseall eB 





O.1N} VISA UIG}-UdA FY 


aTavV 


‘ON’ JUemTLIOd xy 





= 
3 
& 
RH 
= 
4 
3 
~~ 
S 
= 
—_— 
be 
& 
8 
~ 
3S 
Ss 
TH 
> 
~D 
*) 
Ss 
> 
Q, 
i) 
“ 
a, 


; ae 


| 
| 


| 


C89 ‘TP 
POL “IF 
1ZL ‘Tv 
of I 

Ty 


9€9 “Tb 
069 “Th 
FOL “IF 
FIL ‘Tb 
669 “TP 


Sil ‘TF 
€0L ‘IF 
Gol IF 
Sel IF 
13 “Ib 


869 “IP 
83L IF 
O89 ‘IF 
6IL ‘TP 
9IL ‘TP 
TOL “Th 


*3 sod soynof 


¥ 902 ‘92 
0 FIL ‘9% 
I “OSI ‘2 
¥ S6L ‘0% 
8 “S8L ‘0% 


"E92 ‘02 g ‘= 
60902 | G 889 '6I 


*3 10d sopnoft 


8 ‘628 ‘9% 
IZ 8 ZZE “9Z 
Fb 'L99 ‘9% L680 22 
I ‘180 ‘2 F688 ‘2 
¢ TE9 “0% € ‘96L “02 


329 “0% 0 ‘S68 “02 
9 “S29 ‘0% ¢ 666 ‘0Z 
G ‘ZSP ‘0% 9 066 ‘0Z 
G "PIE ‘62 L GLE ‘6% 
8 'ZIg ‘6% =|: T 01% “6% 
L°908‘6Z =| FIST ‘0% 


*3 sod sornof 


L218 ‘9% Z LIL ‘9% 
6 LIP ‘9% . 

£ LTH 9% 

9°188 ‘1% 

8 “£6F 02% 


prog 


*qUl L2IL Tp" 9O= 


woul 


*quy L201 Th = [o JO oN[BA BOTT 
O9L 


"£68 ‘0Z 

G6¢ ‘61 
“gcc ‘OS 
‘096 “62 
‘Sch ‘8% 


Or ke jo enjea UvOW 


‘LIT 9 ‘6SL ‘92 002 
8 ‘LI1 I "p02 ‘9Z 002 
€ “FOL L886 ‘92 002 
Ov1IT "GLZ ‘3% 002 
Z 66 "869 ‘02 00Z 


2z ‘601 "6SL ‘0Z 
9t— 6 ‘S6 "906 “02 
i Co Z ‘66 9 “£68 “0% 
9°— Z ‘66 I bLZ ‘6% 
lt 0 601 Z “SOI ‘6% 
0% L S01 L “€h0 ‘OE 


_O0ET 


“20 S00LTR= Y= op] 


Wee jO on[ea UOT, 


F 66 | $‘919‘9% | OC 
0°96 0 ‘82% ‘9% 002 
0 ‘02T ‘9% 


€°90I $'1Z6'1Z | 008 


0°46 | 2°19 ‘0% 


pug 


‘saqnol “Uy ¢°F19‘6= 


OSTy 


og1'4 


| $x 16 6ST 


£20 091 
| BLL “6SI 
| Z0E ‘091 
SFI ‘O9T 
| 90% ‘091 


somnof “UT £°0966= Jey [Z 
00 ‘Z 066 “6FT 
OO ‘% 0€6 “6F1 
098 ‘T €1z ‘OST 
086 ‘I ELT “OST 
008 ‘T 890 “OST 


086 ‘T | 612 ‘OST 
696 “6FT 
92% “OST 
LS6 “6FT 
66 ‘6FT 
289 “OST 





‘sopnof “4uy roze'o= lz 


Ort 
OFL ‘T | 210 OFT 
089 “T 610 ‘OFT 
001 % | L10 ‘OFT 
098 “T | 600° 
SRG” 
680 
CHL 


I4UL 9 SOZ* 


¢ 


*091- 0ST [BAIO}U] orNVI9dU19}-W9A FT 


0e6 
Z1Z * 
€21° 
890 * 
612 * 


026° 

9% 

196 [ 
666 “6FT 
GIL ‘OST 


8261 ‘T 
| $z6I ‘Te 
Cet * | 8261 ‘OF 
POL 192 LZGI “8S 
v9L°L9Z | L261 


L261 
L261 
L261 ‘TT 
LZ61 ‘OI 
£06 "SLE | LZ61 6 


*,0S1-OFT [BAI0}U! OIN \B19dU19}-U9A | 


L10 ‘OFT 
610 ‘OFT 
L10 ‘OFT 
O10 ‘OFT 
886 ‘6&1 


680 bt 
Z6L 
$96 
LE6 “6ST 
¥86 “6ST 
£0F ‘OFT 


fee 6IF | 8261 ‘9 
GZO O1F =| 8Z6I ‘T 
6Z0 ‘OIF =| SZ6I ‘TE 
Z8I “LOE SZ61 “OF 
¥9L°L9% | L261 ‘SZ 


Z61 “9% 
LZBI “SZ 
O8L "g9% «| L261 ‘ST 
£06 “GLb | 261 ‘IT 
£06 “SLP 2261 ‘OL 
£06 “SLP L261 '8 


OFI-.08T [BAIOZUT 91N{BIO 


£90 ‘OST 
#0 ‘OST 
068 “621 
St6 “621 
196 “621 


8Z6I “9 
8Z6I ‘T 
8Z61 TE 
8Z61 “OF 
iL “RS 





1AJOBUT ONY BAG 184-8 


‘RZ 
| ‘9% “AON 

£69 “IF ¢ ‘OG 9°¢ 60I ‘Iz 00 : if 08 : 461 (SZ “AON 
¥£9 “IF : : : : OFT ; ’ "CT “AON 
649 “IF i ¢ ; ‘ 9 “LLE ‘62 | 002 ¢ | 3 306 °S 1z61 ‘IT “AON 
089 “Ly ‘¢ ;F ‘ Z16 ‘62 002 } : } 206 °¢ | L061 ‘OT “AON 
099 “It 7836 ‘6Z =| 006660 | "P88 6% |: 00% ’ ‘OST £06 SLb | L261 ‘6 “AON 
OLT TOP ac - 5 
Ost orl oO8T-.OLT JWAIOIUI 9.1N{VIOdUIO}-U08A | 
8'T ¢ 8 6LT ‘1% Cv OST | I9T‘OLT | ZO OIF | SZ6T‘T “Qoa {- 

‘ | ¥ ‘Sb! ‘92 f 196 “6LT ‘OLT ZO OIb =| SZ6l ‘TE “UBL 
"196 ‘IZ : £90 O8T | 682 'OLT | Z8L OE | S261 Of “UBs 
“PG ‘IZ ‘ bZF ‘OST | £66 ‘69T POL ‘LIZ =| LZBI 8S “AON 
‘616 ‘02 : 682 “6LT 8 “691 POL °L9% | LE6I 9S “AON 
ZLB 02 200 “O8T ‘OLT br ‘L9% =| «LO6T a “AON 
“669 ‘0S ’ 8 ‘OLT 0&2 E93 | L861 ST “AON 
“6ST “62 31Z ‘OLT £06 GLb | L261 ‘TT “AON 
"LE6 “62 | | ‘OLT £06 “CLP L261 ‘OL “AON 
‘ZIP ‘8S | «OFT 086 * | £11 ‘OST ; OLT £06 SZb | 2061°6 “AON 

*3 rod sornof "uy OBI Th= 40 = 001 [o JO on[va UvoPL ‘semnof “yuy e°E22 a o0ZI-,09T [BAIO2UT 0.1N4BI9d U19}-U0A F 

902 'Th | "E28 ‘9% {2°¢ | | Z ‘S01 } ¢ ore ‘ze =| 002 | 026 ‘T ; 96 6ST | SZO‘OIP | Sz6I‘T ‘qQoq 
c00 ‘— LOL “IP : { ‘ | 0OOI / "290 ‘92 002 098 “T } | : $20 ‘OlF S26 ‘Tg “UBLs 
910° ‘Ih | ; 7 z if L¥Z ‘2S 00% t , | 826 ‘OE “UBS 
&£0 *— Oe0 “4 9 “£86 $- | ¢° 0 ¥6 3 ‘989 ‘02 002 | } { | LO61 8% “AON 
€10° SZL * 9 “SHG “0% : ¥ 1°06 £19 02 =|: 002 ¢ 8S8 “6s 296 ‘69 ’ L261 ‘9 “AON 
0€0 ° GhL IF z ‘086 ‘02 5 £06 T ‘288 ‘06 002 | ‘OLT | €2 ; L261 “8S “AON 
810 *— y69'Ih | T’ S| p . ¢ ‘00! & 'Eh9 IZ 09% 7 LL 6 : ‘CI “AON 
200° 612 Tt c “139 “6% ’ f | 06 ‘ 002 ; : 
100 *— 09a Le | 1 '8¢9 62 ; | $00! 6 } | SSI “OI ‘ | £06 “ 
000 0 ZL IF | £€'$29'6S =| Z°L80 OE ’ ¢ 00! 9 “FE6 “6Z ; | $b ‘OLT 90F 091 | £06 4 “AON | “7 ibe 

b/sajynot | 6/saynot seat “dar | sagnoft “zur | sajnof “juz | sajynol "quy | sp ‘ | spuo | ' iy j 
Jul | | | 


*3 red somnof “yuy 600L Ih= “7 = [> Jo on[Ba UBEyPy s p* *196' 6=9 
L191 | 6922 ‘12 | 
+69 “Th ‘SS 8258 ‘9S | 
60L Th | b 880 ‘2 | 
| 
| 


N 


u 


‘ 


869 Ih |Z" Z ‘980 ‘2% 
cL Te «| 8 020 ‘IZ 
CSL Th 

199 “It 
90L Te | ; 
mm 8} €: : 
169 “IP ’ ; | 








Hones mOmIOG 
je. 


at 


-~ 
~~ 
~~ 
8 
8) 
~D 
¥) 

fe 

> 
~~ 
S 
~ 
~ 
> 
fm) 

S 
M2) 

'sS 
~ 
3 

= 
~ 

Ss 

Sa) 

> 
= 
8 
> 
S 

wa} 








fs) ee }ueu 
pepper | A3Z10090 ors | -110d xo } 
A3.10uU9 dumd : B10, I¢ JO oully =| -ereduie4 | -v1odure} > eae Dar 
eu gy } [BIOL [B10.L jeulg | eee 
| 


IO}BM O18 ‘ON JuomTIOd xq 
-W10} U@AG 
10} AZIOUY 





iT n—n : 
p< onoqaeg— EE 1-H |=H Zt cleW = syuautsadxa wolf pop yod1wdUuIsJ—E AAV, 








7 





*2 ted sepnof *yuy 9z0c' Tt = w= 0% [2 JO ON[VA UBETY * 012-002 [BA1IOJUT 28.1njvsIEd19}-UdA FY] 
G 


002 


I 01 ¢ 14310 M *sopnof "yuy gre Il - 
0% 


*o01Z-.002 [BAJOJUT ‘TT dnoiy 


080 ‘T | $g0 OI =| 686661 =| ZEC'IZh | 6z6I ‘TE 
080 ‘T PPI OIZ ‘00Z | PRI'6Ib | 6261 
a! 4 | 080 ‘T £ZE ‘O1Z% >00Z | 096 '82Z 
6 618 ‘2 4 092 ‘T 18% ‘O12 002 
Z ‘£63 ‘62 OFT ‘T PFE ‘O1Z sT 002 


L002 ‘82 080 ‘T | LST ‘O1Z ‘002 
LEIS ‘2 OFZ ‘T 966 “602 ST 002 
T ‘226 ‘ a £26 “602 ‘002 
Z ZIG ‘8% fl! £21 ‘OI ‘002 | 
6LP IP 4 ; | >" 6069 ‘7 | | L66 602 PEI ‘88% 


Tole | i Ph 8% b OSPF ‘8% Z9T'OIZ =| LEI 006 L9G “ETF 
PSP IF : ’ | LOOT ‘8% | ILE °3I% =| 9L0'00S | GIS 61% 
Sor IP . ; F ; € ‘OSG ‘8z | POT OIZ | EST 00% | C9 FIP 
Z9F 1h as: : "9 0 "es 868 *602 tPI 00% =| ZEE ‘8OF 
06F ‘TP i ‘ z | ‘ £9Z OI] =| 19 00G IL8 "G62 














‘somMof “UT E"8Z9'0T=NNE [Z _“oOTZ-200e TeAIBzUI ‘| dnorp 


2S “IP P'SSb ‘IZ | € “80F ‘Iz 002 ‘T 650 ‘01Z CPhI 002 | P9L “LIZ ‘82 
8 ESS ‘IZ n , 8 'LOF ‘IZ 00 ‘T 16 602 90 °00Z POL “LIZ LZBT “9G 

0 “F86 ‘IZ ¥ 9 TS8 ‘IZ 002 ‘T 166 602 | O16 ‘66T POL ‘LIZ «| LAGI “E% 

I ‘ILb ‘TS ‘ 0 ‘088 ‘IZ 002 ‘T 200 “OTZ 090 “002 O€L “9% | L261 ‘ST 

0 FIZ ‘IZ : : 8 ‘221 ‘IZ 002 ‘T : e" eS 00S | OL °S9% | LZ6I ‘FT 

9 “6SP ‘08 ; : 9 “L9¢ ‘OE 002 ‘T rT’ 621 ‘00% | g L261 ‘TT 

‘ 6 ‘ZTE ‘OE 002 ‘T OFT * OST 002 06 “S L261 ‘OI 

PF ‘8S8 “6Z 002 “T ‘( LBE “002 £06 “SL 2261 *6 


I PISO Th= “=O [> Jo onva uBOyy c "002-061 [BA19}UI 0.1N}VISdUIO}-U9A 


F OFF ‘LZ ‘i 008 ‘T 098 ‘66T CCL “681 120 * 8261 ‘T “qoq 
6 98h ; ite ; Le 002 ‘T 086 ‘661 =| $08 ‘68ST | 620" d > “uer | 
; , 002 ‘T 098 “661 “68T SBT TOE ; “ues 
002 ‘T osg ‘ j 00% 3 681 FOL * 
002 ‘T so 681 
00@ | ; 3 566 “681 
6ST 





< 
S 
~ 
8 
iS) 
” 
ae 
— 
Ny 
“Feng 
~ 
Land 
SS 
= 
= 
S 
~~ 
” 
~~ 
~— 
S 
3 
sS 
= 
3 
~~ 
2) 
— . 
S) 
S 
38 
.y) 
~ 
5 


6/saynot 
‘jul 


Z1E “ES 
O&Z% “6% 

> RO fon 
£ GZS “€ 
: ‘981 ‘9 
Z ‘268 ‘62 


989 a 


6 '¥9 ‘62 
% G98 “ES 
*3 red sernof 
0 “£90 ‘62 
9 “668 * 
I “992 
P 888 
8 ‘18 
9 602 





"EZ 
samnot "quy 


sajnot ‘quy 


ir 


> at 


ais 
1 | 


j 


Doo we 


onr~rm 
ON pa 
| 


wD 


mon 
"aN 
1 4 


_— 


£0 
saynot’ 











e[O} 4 
s[@aioqul peppe 
" Pp 
einjeied “Gaia snd 
U2} U9AO | rover 
io} A3rougq | AG 


I 
penulyuoryy— 


Go 





0°88 


9 '€8 

9 €8 

8b 

26 

0°88 
O12, 


QU] 8068 Th= “P= °° (PM JO ON[BA UBs;T 


OGG 
¢ ‘98 


A3190u0 
dung 





“¥20 “62 
£29 2 
12% ‘ 


LL°S 


@ “826 ‘8% 
b'sit 3 


6 “E92 


6 ‘69¢ * 





z SOF ‘£2 
sapnol ‘quy 


AZ1900 
d11109[9 
[® 1 iL 


Zuryvoey 
011900[9 


MZ+c1°W 





JO OUILL, 


OFT ‘T 
OFT ‘T 
00Z ‘I 


OFT ‘T 
OFT ‘T 
020 ‘T 
092 ‘T 
002 ‘T 


queul 

-110d x9 
jo out} 
[830.L 


| 
| 


| 
| 


| 
| 
| 


PPS “OZ 
£66 ‘0&2 
PIT ‘O&% 
b9S “OFZ 
OFT O&% 


COE “OFZ 
896 “622 
LOP ‘0EZ 
10% “O&Z 
ILT ‘O&% 


‘saqnof “sur g*pz9TT = Ole 


0GZ* 
8h0 022 
£96 “612 
SLE “0B 
| 2S 02S 


LET “02% 


iZ 





886 “612 


6E% ‘0ZZ 
HIS ‘OCS 
TLE “S2% 
PL8 “GIS 
£1Z 02% 


Rat] 
blz 
‘PIP 
“S0P 





IZ8 262 


*90@Z-.01Z [BA19z UI 


SE0 ‘01% 
vPL OIZ 
6EE ‘O1Z 
£68 ‘O1Z 
18% “O1Z 
PRE OIZ 


Z8I ‘01% 
986 ° 


ZES “Ib 
| 181 61> 
Z09 ‘“61P 
096 "822 
Z1Z “LL 


Z6Z “OZF 
61E ‘98% 
TES "S8% 
219 6IF 








6261 ‘E 
6261 ‘% 
S261 ‘6% 
RZ6T ‘2% 
8Z6I “9S 


8261 “TZ 
8Z6I “0% 
8261 ‘BI 
8261 ‘ST 
8261 “LT 


6261 ‘TE 
6261 ‘92 
6261 “SZ 
6261 ‘bZ 
6261 “8% 


6Z6T ‘22 
6261 ‘E 
6261 Z 
SZ6T ‘6% 
R261 “LZ 


8Z6T ‘92 
8261 ‘IZ 
8Z6T “61 
8Z6I ‘ST 
8261 ‘LT 





9 
ein} 
-b10d 010} 
[enruy 


W 
IoyeM 


JO sev 





09q 


‘20d 
‘20d 


Be Yat 


‘20 
‘00q 


ZlQ syuawmisadxa 7 woif Dyop pod19ur.4q—' 


a ldv LT 


M-68I 


M-P8I 
M-€8T 
M-I8T 
M-6L1 
M-8LT 
M-LLT 
M-9LT 
M-SLI 


“""" M-PLT 


yueultiedx y 


M-ELT 








4 GZ 
98 ‘IF 8 “190 ‘Og 
GS 1b ‘9E8 “6% 
ves “IP “PES "FS 
ZOE Ih “116 ‘€% 
8S Ih | “69T ‘62 


6K Th ‘B2G ‘FS 
881 IF 
682 “Th 
G0Z “I 
022 “Th 


PEs IP 
9% “IP 
8& IP 
[02 ‘TP i OL 62 
Cv TP ’ CLL ‘FS 


"PL6 ‘6% L10 0SZ | L86°68% | ZES IZb | 626I ‘TE 
‘62 166 6bG =| 106 '6ES | ISI ‘GIF | 626 ‘92 
Sc IGE ‘OSZ | SIZ ‘ObZ | 006 '8LZ | 6Z6I ‘FZ 
‘8% Q2Z OSS | SIZ ‘06% | ZIZ‘LLZ | GCI ‘ES 
‘63 F16 6bS | OSL OK | G62 OTP | 6Z6I ‘ZZ 


be PES OSS «| ShZ ‘OZ | GIE'98Z | 6261 ‘E 
FS Ihr OSS | 2h ‘OZ | 18S "SSS | 626T ‘Z 
“6S G6Z OSS «| 89S OK | 219 6 BI ‘6 
‘OPE “62 : 69E 09% | 19S vel “SIP 
“6LE “8S 682 ‘0SZ 62% PET “88S 


DOmr~oe@ 
mr OOO Noon 
Val al al al ale al ale 


10 
3 
i 


I~ OOO 
odes 

LLBDH 
tO 


ra 


"GOF “62 €9€ “OSS WE L9ZEIW | S261 ‘TZ “90d 
“98S “EZ , OS8 "6&Z | STE 62S | 8261 ‘0% “99d 
“LPL ‘6% ‘OS GhS OFZ «| SOS FID | 8Z6T‘6T “90d 
’ ; 292 ‘OK =| SEE SOP | SZ6I‘SI “90d 
ZIT “OFZ TL8 ‘262 | SZ6T ‘LT 
































as 


S 
S 
< 
DH 
<s 
= 
3 
~~ 
= 
Ss 
~~ 
S 
re 
~ 
= 
3S 
D 
= 


i) 
~D 
LY 
~ 


*3 Jod somnof “yuy $208 Th= 49 = [0 jo on[ea uveyy ‘sornof “guy BHM A= ez * 0FZ-.08% [BAIOJUI 01njB.1eduIe}-U98A J 
G 


100 *— Toe Th | FES ‘6z ‘COP 10° ' 8 98E 6 ‘6ez | 096 "62% | ZES IZ | ezeI ‘Ie “UBL |--- 
200° HE Ih | Ser ‘6c 7 Zs 19% ‘6 ‘6ez «| OF6 622 =| IST 61h | 6261 ‘9% “URE | 
120 °*— 186 “IP ‘BIL ‘€ & 8 OF ‘ | £12 OFZ | TST ‘OSS | 096'SZZ | 6z6T ‘FZ “URE | 
310" PIS TF 2 ‘OIL ‘€ 1Z OFZ | IST ‘OE% | ZIZLlZ% | eel ‘ez “URE | 
920° 828 “TF 5 ’ : ws ‘OFZ «| OTE ‘0% | Z6z ‘Ozh | 6Z6I ‘uve 


Propert 


620° Tee “Ih z 5 : |P° : 9° : ; ‘OFZ «| «FZ ‘0EZ% ‘98% | 6261‘ “URS 
NO 1¥e “Th "egg % | 0°S6 | OF | £66 ‘OEZ } “G8Z ‘uer 
iF ( S16‘ ° | ‘OFZ «| OTT “O&% 19 6Ib | 8@ ‘09d 

3 ‘ | % j ‘ | | OFZ 19S “OFZ 

OFZ =| OFT OFZ 


Stimson 


> OFZ 





SFO O%Ee 


Ghia Gina 


= 424) 8 O4AOU o) | 1 ae 
27 worst DIwp pod 12uUItg (x1pucdde) ¢€ ae &3 








nz * or > LOC OBO 
werner -3y GI90°1P 2 jO ON,TVA UV TY MOL -aUT OTT OLE 4 AFOPA TATAGE ’ 


O80 “Of % Oxo ‘T 886 “69z RPO 092 ZES “1Zt 6261 “TE uve | 
; : LE6 “EZ | O8O‘T c¢cz “0. GRP 09z 096 "RLZ 6261 ‘FZ “UBS | 
$90 “IF ‘ ; L ‘LIS “FS | O8E‘T BSI “OLZ OZ ‘092 SIZ ‘L222 S| ‘ues 
080 IF GCL" : ¢ ‘039 “OE OFF ‘T PPO OLZ ZE6 “6SS 26% OZF 561 ‘te ‘uBs 
TOLL ‘FZ | OFT ‘T COT ‘OLZ | I8l 09% | BIE 99z , os eee oe 
0 ISI “b% } | 00¢ ‘T TES * | LLO ‘092 Teo “sz | 6261'S “UBL ite 
6 "EL9 “6Z OSE ‘T PIT | 1F% ‘092 PET CIP | 8261 ‘ZZ “99 
LL ‘FS 08 ‘T 6F% 99% “09G PGs “S&S | 8261 ‘9% “90q 


960 IF | 0 6F8 ‘FZ 
990 ‘IF L SZ “FS 
SIO IF IT ‘992 ‘62 
920 “IP € 206 ‘FZ 


gi od 
o~ 


CTT] 
~woOm~ eS 
ata 
aS 

= 


ss 


b SL ‘6Z 0ZE ‘T 002 a 12s | eee Se nn 

g ‘eee | 099 ‘T fast) 9Zb 09% | SIE ‘62% | 8Z6I ‘OZ ‘29q ; 3 passage 
BAS 3 4 0ZE ‘T TES 6Z1 09% | SOS FI | R26 ‘BI “90q | j nes 
| 8 062 cL, OFE ‘T COT ° 691 09% | ZEEROF | 8Z6I ‘SI ‘20q 

I “882 “ | OOF ‘T PLE ‘OLZ | 282 '09Z | 148262 | SZ6I‘LZT “00q |---~------ 


G90 Th =| ‘Of b BES ‘62 
820 “IF 0 ‘899 “EZ 
LL0 IF 0 ‘6FF OF 
690 “IF L ‘GLE ‘6S 


6 Z8E “SZ 








Yt HO amon 
— 
=> 


SCOtow 





TT" 
ree 





Zio jo onfBA UBEPY —*SotMof “yuy 2"69z"ZT ae [Z *,09%-,09% [BAJOqUT oINyBIedUTIE}-U9A | 

LIT TF Z0T ¢ “C6I ‘OE ; | S°SIr ‘oe | OFT ‘T 8F0 ‘09% LTO ‘0SZ ZES “IZF 6261 ‘TE “uBs : ; "aan 
890 “IF 92Z L'E19 FE 2 | O FOS “FZ | 098 “T ORF ‘09Z TEE OSZ 096 "82z 626 * “be : it 
PO TP 261 & BIL FS | | 0 $60 ‘FZ 0ZE “T O1Z 09% S66 ‘08% BIZ LL] 6261 “EZ 

COl “Ib 140 L ZI ‘OE Z 290 ‘0€ 080 ‘T SE6 69% 3 6S Z6Z “OZP 6E6I ‘ZZ 


ad si =“D— 
“3 rod sornof *qUy Ezz IF 092 





€ZI IF FPS : ; G { | I8T 092 ‘086 «=| « GIE ‘98S | BZ6I ‘E 
orl * LIS ‘¥ ] . | 4 | 210 09% Ps h 6261 ‘Z 
| 61° Z£0 | 6 ‘GF £9T 092 36% ‘OS , SZ6T ‘6Z 
960 0&8 98 1 ¢° 4 ( 1¥Z ‘092 ’ EI” 8261 Z 
020° £09 "gg j : | 0 69% ‘2 ol | 99% “092 ‘OSS «=| PBI BRS S| «SST 


BLL | 6 OSS ‘6z : | 6°48 0 ‘HOF & CL CRS ‘09% OSZ L9% “1h 8261 “1% “90d 
ooZ | O19 ‘SZ § | 662 0ZL ? 9ZP “09G LOS “6PZ CIE 624% | 8Z6I ‘OZ “90d 
CO8 “6Z I ILL ‘6% ; 9 “8 } 0ZL 621 ‘092 ‘0SZ =| GOS FIP | 8261 ‘6I “0G 
See ‘6% | b Shh ‘62 8°28 : } OZL 092 * | 691 ‘092 WZ OSS | SEE ROP | SZ6I ‘ST “90q 
SZB8 “VE 16 °900'SS | 2" 9 “8 ’ OZL 002 ‘I | L8Z ‘092 , OS% IZ8 "26% | S261 ‘ZI ‘90d 
b/saynol | saynot- | saynoft Ul uy| saynot "zur § ! spuovgy | spuovag’ ‘Oo b 


Bureau of Standards Journal of Research 


‘ 1 t 1g 
A310u90 Zunvoy 0 6 

y -110dxo IT Q. 
d11}09[9 O11 0e]9 110d ein} In} 


0 9!) | -B1edure4 | -vreduia4 
B10 0 al J 
[810.L JO OULD, [BIOL [Bulg [emruy 


per pe yo] A#10u0 
31909 189 iJ dumd 
emne qa | 


“479 — 21 [20 
jenpysoy 


9.1njeied 
-u10] USAG 
1oj ABiI0OUY 


ON jUSWIedxy 


wt 4 
| 


penuryu0g— : : +e [PP =-'[0) spuaumiadra » wosf Diop jod.uitqg—@ ATAV, 


FF ‘“d ‘T 990400) sag 
0 ‘662 ‘902 0LZ-00Z 
8 ‘O10 89 O00r 
00Z-0¢T 
00Z-00T 
00Z-00T 
00I-0 
00L-0 
00T-0 
OO0T-0 
001-0 
00I-0 
00L-0 
00I-0 
001-0 











SZHT ‘TT 
SZ6E “9 


~OoO 


€ 
00 
3b S61 
‘001 
‘0OI 
66 
‘00T 
‘66 
‘66 
‘001 
‘0OT 
‘001 
‘OOr 
“66 
66 
‘0OT ) ‘po 
66 ¢ | 2661 € “WO 


Vs 

LID MOOD 
oo 
Nona 


ork ad 
omni ry 
COONS 


“62 
“£62 
‘002 
002 
< OZ 


Oa aa 
No 
rrr d wo 


tN 


“162 66 L261 ‘OE “deg | 
66 L261 ‘6% “Ides 
66 ; 39" L261 ‘9% “deg 
‘001 2261‘g “Bny 
2 , : Fee == op 


162 


L6Z 
‘COG 








Cconwnoo © 
yO NOD 


OO Wr iy OD 


‘LS9 
Ba 4!) 
"88g 
Zl 


“980 
BOE 
“LO9 
‘TEL 
‘616 


L261 ‘T ‘“sny 
4261 ‘6% Arne 
4261 ‘8% Arne 
4261 ‘2@ Arne 
4261 ‘c@ Atne 





Crnwto 


"PST 
“O61 
ZZ OFL 
‘OST : | 008 
68 ‘99 : 4 "COZ ’ | 098 ‘T 092 ‘% | ; ; 8 *s £261 ‘st Ame 
sajynol “yuy | saynol *yuy [Parnoe “mur saynol *quy spuodag | spuoragy 


1 
I’ 








6" 


OAD DQ 1 OD QaQoowmn Mm Om 


~ 
S 
S 
. 
> 
7 
~~ 
S 
= 
3 
he 
L 
~ 
— 
— 
—_ 
a~ 3 
Y 
~ 
S 
~ 
= 
~~ 
Ss 
“Y 
‘> 
2 
is) 
‘=~ 
~ 
~~ 
iY) 
a 
i) 
a 





| 
| 














} 


710 [Baroy | 6 








| | 
: queul ‘ ‘ 

‘ o « 201 c 
[BAIOIRI ein} ‘peppe HRI | AZisu0 on Zay380" -110d x9 “9 ein} ‘0 sspbkty Fv ‘107M 
ermyeiad =| -eiedure; AZ1009 1v8H dung sd oy ; | jo ow} ~eredu1e} | -e1edur0} | Jo ssuJy | 
-UI93-UBAB | -UaAsy anu | 1870.L | LL | 1810] a yay | 
10} AB1K | | oe | 





aed ‘ON QuoeuTTIedx 7 


n sonnet) 








SIUPULLLIGA LI W ULO0-. DIDP JVAIDUNIA TY (x1pu%cddy) ¢& 


eOnTwea uVvopy serno « 
Imofr -gey s TP AAOFE! GaANgesed H194-UOA SE 





over aoe éo 


458 Bureau of Standards Journal of Research . 

The entire energy added, Q, is the sum of the total electric ene 
pump energy, and heat leak. This entire energy actually add 
adjusted to the value it would have had for the even-tempery; 
interval, which was approximated, giving the values of Qj. 4 
calculation of am, the mean value of « for an entire group of exp, 
ments follows next. This is a least-square calculation, using } 


formula 
QQ), = Mal,’ + Z),? 


This reduction, using the entire group of values of M and Q);{y 
single temperature interval, yields the mean value am and Z),”. Uy 
this value of Z],’, which is a constant for the calorimeter as used 4 
individual values of a],? for each experiment are next computed 
compared with the mean for the group. 

In the last section of Table 3 the principal data are assembled {; 
those a experiments which were carried out in intervals of more thy 
10° C. A considerable number of these, particularly betwee 
and 100° were made in 100° nonstop experiments which serve 
control experiments, adding greater certainty to the values at |\j 
and 200° C. than the experiments in shorter installments alone gj 

In order best to utilize the whole aggregate of a experiments, | 
results are assembled in Table 4 for the purpose of computing ij 
values of the change in a from 0 to 100, from 100 to 200, and frm 
200 to 270 from the entire series of energy measurements. Vij 
very few exceptions the energy account for each of these three lay 
intervals was kept continuously, the stops at the intermediate | 
points for observing temperatures being made for the purpose 
independently establishing these intermediate values of a, but wit 
out interruption of the heat-leak and pump-energy control. 
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rn . . . 100 200 27( 
"he independent determinations of a], alioo, and ala) are, 


puted in Table 4 after summing up the total energy added jp, 
entire experiment. The calculations for am, and Z are made | 
these groups of data by least-square reduction, in the same m 
as for the 10° groups in Table 3. The value for each indivyidy,) 
periment is then calculated and the deviations from the mean {y 

The next step in Table 5 in the reduction is the adjustment qj 
10° values of a, taking into account the results of the last calcula 
of the change in a between the temperatures of 0°, 100°, 209° 
270° C. This adjustment consists in distributing the discrepy 
between the 10° steps and the 100° or 70° steps proportionately 
as to make the adjusted values of the 10° steps add up to thes 
value as the overall. Having so adjusted the intermediate y,/ 
they are next summed up, giving as the result of this entire grow, 


' ; ul 
experiments the table of values of H-L-; a each multiple of 


reckoned from 0° C, 


mm - . . u = 
raBLe 5.—Adjustment of values of [ #-1 “| ] and assembly of final vj 
a J 


reckoned from O° C, 


ss . ,| Adjusted 
Mean value value of 


Temperature interval (°C.) ofa]? | 9 
l | asi 
| Joules g } 

= 41. 984 | 

10-20 i 41. 802 | 

20-30 : 41. 708 | 

30-40 : : 704 | 

40-50 698 

50-60 41. 683 4] 

60-70 . 683 | 4] 

70-80 41. 685 4] 

S0-90 x 41. 666 41.6 

90-100 . 690 41. 695 


Total 7 . 303 417. 35 
0-100 


100-110 
110-120 
120-130 
130-140 
140-i50 
150-160 
160-170 
170-180 
180-190 
190-200 


Total 


100-200 


200-210 | 503 | 41. 
210-220 . 391 41 
220-230 41. 338 41. 35 
230-240 . 302 | 41.2 
240-250 41. 242 | 41. 
250-260 127 | 41. 
260-270 . 062 41. 


1, 041. 09 
1, O82. 23 
Total = | 288. 966 289. 


200-270__- ; aed tC jae ae 
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» adjustment for smoothing the trend of values has, up to this 
f heen introduced into the reduction. This will be ‘undertaken 
+ the head of formulation, to be described later. 


2. GAMMA EXPERIMENTS 
D ) example of the record of a single determination of y, equal to 


js given in Table 6. The total time of the experiment in 
-1 
case is the time between the automatic shifting of the flow of 
from the spill to the receiver, and the shifting to the next 
iver, and applies to the electric heating, the pump energy, and 
heat leak. The temperature readings are so distributed as to 
the initial and final temperatures at these instants of starting 
stopping the experiment. The readings of the thermometer with 
sin the n position and of the thermoelements 1 to 5 were taken at 
inute intervals during the experiment. These readings serve to 
mine the vraiation of temperature of the calorimeter during the 
rment. 
TaBLeE 6.—Data sheet—determination of L—~ 
Experiment No. 273-A. November 16, 1929, at 270° ¢ 
Observers: N.S. O., E. F. F., D. C. G 
Thermoelements | Electric power 
| 


Thermometers. | 
Bridge readings | 
i 
} 
| 





| 
Time | 


2r t. e. 1-5 |Regulating} 





| 
| 
| 





Ohms | Ohms | ) 
~ 51.8960 |.-_- “193 
51. 8959 


-| 51. 9027 
See 51. 9028 
OTe Mee 
51. 8960 
51. 8958 
. 8964 
51. 8966 
51. 8965 
. 8064 
51. 8964 


. $965 
51. 8964 
51. 8971 
51. 8970 
51. 8958 
51. 8957 
51. 8958 
51. 8956 

. 8956 
51. 8958 





. 8957 
51. 8956 
. 8956 
51. 8951 


OL 














"51.9028 | “8.7 
51. 9028 | 
51.9030 | 


Stop. 
oe 


in “ irentheses calculated from indications of t. e. 1- 
leat-leak factor=—14 mv-min. Total time of experiment and electric heating=1,380 seconds 
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A reduction, showing the calculation of 7, is given in Table 7. 
reduction makes use of the formula: 


1 ~_ ; AH’ 
ma AM (Qe t Qp+ 1 ~ [Z i ig M,a}?;) + “Ad- (0; a On) 


in which Qz, Qp, and Q; denote the amounts of energy added ¢ly 
cally, by the pump, and by heat leak, respectively. The » 
[Z + Moa]*; expresses the energy correction for the difference 9: 
final temperature of the calorimeter and its contents from the jn) 
The last term expresses the energy correction for variation jp] 
temperature of steam withdrawn. This correction was found 4 
in every case less than 0.00001 of the whole, and has been oy; 
from the final cakculation of y. 


TABLE 7.—Computation—determination of Li 


EXPERMINENT No. 273-A 
Temperature Initial 


(n+r)/2 on bridge- -. ‘ - 51. 89933 
Bridge correctior . O1168 
Rp .----| 51. 91101 
Ra—R oer 30321 
100 (Rg— Ro)/( fi ee ; 2320 
3. 7999 
0219 
é 5, 82 
Mean t. e. 1-5 (degrees —. 0189 
Temperature of calorimeter- -.- . eee 270. 0130 


0.0180(0.0180—1)4 
Reference block temperature 
. , 


N tT y yr x 
lean t. e. 1-5 (microvolts 





ULATION OF ENERGY 


Current | 
| 


Mean reading ‘ 2. 15447 | Mean reading. ee 
Potentiometer correctio é . 00020 | Potentiometer correction 
Correction for standard 0.01 ohm —.00011 | Correction for volt-box factor. 
Correction for volt-box current —. 00066 
- Voltage= EF 
Current= 1 2. 15390 


Time of experiment == 1,380 seconds. 

Total electric energy = JE 

Pump power= 0.0477 watts. 

Pump energy 

Total heat-leak factor= —14 microvolt-minutes 

Heat-leak coeflicient = 0.156 joule/microvolt-minute. 

Heat leak $ . 

Change in calorimeter tem perature= —(.0068° 

Factor for calorimeter temperature change= 2,636 joules/degree. 
Energy for calorimeter temperature change_-_.-_.-......----------- 


Total energy for evaporation 
Mass withdrawn= 39.364 g. 
L > at 270.0130 
u u 
The principal data from the gamma experiments are assembled 
Table 8 and the computation of y completed for the entire serie: 
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3. BETA EXPERIMENTS 


An example of the record of a single determination of 8, equal: 
La 

wu’ —1 
experiment, but differs from it in that the total time of the expe; 
ment over which the energy account is kept is longer than the tine | 
electric heating and removal of liquid. 


? is givenin Table 9. This is similar to the record for a gany 


Uu 


TaBLE 9.—Data sheet—determination of L et 


Experiment No. 207-C, February 21, 1929, at 240° C. 


Observers: N.S. O., H. F. S., E. F. F. 





Thermometers— 


: Thermoelen Ss | ‘lectrice power 
Bridge readings ermoelements | Electric powe 





2n 2r | t.e.1-5 | Regulating! 


Ohms | Ohms 
a . ae 49. 0813 
2.28.10. - ‘ = ae 49. 0814 
2.20.00..---- : 49. O815 
2.28.30... : a os 
. a = hee tee 49, 0878 
23500........«- ‘ , ere a 49. 0880 


a an — wire . 49. 0879 

2.29.30....-- sive j waatel awa 
a ee . a 9. 0877 | 2) 0. 97450 
2.30.30- ae a caine ie 

201 90......- o— _— ~~ 9. 0873 | 

2.31.30_.-- acest 


; : 9. 0871 
19. 0807 _| 

_ 9. 0870 | 

49. 0806 

49. OSO5 

49. C806 


49. 0870 
49. 0871 | 
49. 0870 | 


1 Values in parentheses calculated from indications of t. e. 1-5. 


Total heat-leak factor=+3 microvolt-minutes. 
Total time of experiment, 2.28.30 to 2.34.00=330 seconds. 
Total time of electric heating 2.29.00 to 2.33.00=240 seconds. 


Table 10 shows the calculation of 8. This calculation makes ' 
of the following formula: 


AH, 


e+ Qr+ Qe 12+ Moel) +40 


1 
P13 





ual ; 


Pamm 


expen 
time 


Properties of Saturated Water and Steam 


' ; u 
TasBLE 10.—Computation—determination of L ot 


EXPERIMENT NO. 207-C 





Temperature | Initial | Final 





49. 08465 49. 08380 

. 00969 . 00969 

49. 09434 49. 09349 

23. 48654 23. 48569 
235. 0439 235. 0354 
eee i “ SEE Fae anne ee | 4. 9774 4. 9768 
ference block temperature dee 240. 0123 240. 0122 

an t. e. 1-5 (microvolts)......-------- pibeainitgeor eas Seencne a cae 6. 12 2. 05 

ant t. e. 1-5 (degrees) : cae . 0203 | . 0068 
nperature of calorimeter : oe | 240. 0010 240. 0054 





‘ALCULATION OF ENERGY 


| 
Potentiometer | Current | Voltage 
} 


an reading | 0.97452) Mean reading. ---- 9. 9162 
meter correction . 00002} Potentiometer correction . 0002 
yn for standard 0.01 ohm | —, 00005 | Correction for volt-box factor-__-- _- 0033 
ion for volt-box current--_- .-| —. 00030 
| conga’ Voltage=E ‘ =s 9. 9197 
Current=I.---- 0. e741) 


me of electric heating = 240 seconds. 
tal electric energy =1Et 2,319. 3 joules. 
time of experiment =330 sec onds. 
0 p power =(.0748 watts. 
pe nergy 24.7 joules. 
tal heat-leak factor=+3 microvolt-minutes. 
at-leak coeflicient =0.142 joules/microvolt-minute. 
leat leak 8 . 4 joules. 
ange in calorimeter temperature+-0.004 :°. 
pctor for calorimeter temperature change= 2,949 joules/degree. 
mergy for calorimeter temperature change... ---.-------------------------- acccccess —11.8 joules. 
Total energy supplied 2 SP pe ete 2, 332. 6 joules. 
as a n=62.722 g. 
mergy per gram____- 87. 190 joules/g. 
an bridge res vding during experiment = 48.08421. 
ean reference block temperature during experiment = 240.0169°. 
ean t. €. 1-5 during experiment =5.78 microvolts=0.0192°. 
ean calorimeter temperature during experiment =239.9977°. 
eat content at initial minus heat content at mean (Hi— Hm) ; 0. 016 joules/g. 


u 
= at 240.0010° a 37. 206 joules/g. 


The principal data from the beta experiments are assembled in 
able 11 and the computation of 8 completed for the entire series. 
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VII. FORMULATION 
1. FORMULATION OF CALORIMETRIC DATA 


In what has gone before we have the record of the experi, 
and reduction of the data yielding the values of the three charyy: 
istic properties of the fluid, namely: 


“ul wu’ €u 


H-L 7 LL , » and & 7 
U—uU U —U Uu 


~U 


denoted by the symbols a, y, and 8, respectively. As a first: ste 
the formulation of the more familiar and more useful thermal prow 
ties of steam for engineering purposes, the experimental results, 
assembled, the values smoothed by means of empirical equations, 
the blank spaces filled in by interpolation or by extension, \ 
other experimental data where necessary. This assembly and fom 
lation is given in Table 12. The empirical equations used are, 
given there. It has not yet been found possible to obtain empir 
equations of a simpler form to represent the experimental resj 
to an accuracy warranted by the experimental precision. Ther 
a possibility that a simple formula for expressing the thermal behav 
of steam may eventually be discovered. Such a formula would! 
extremely useful, particularly so if of a form well adapted to then 
dynamic calculations and if in agreement with physical facts. Inj 
meanwhile, equations lacking this ideal simplicity of form may 
tolerated in the operations of obtaining numerical tabulations 
thermal properties which result from experiment. In the prey 
instance fidelity to observation has not been sacrificed to superiia 
simplicity. 
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Two formulas have been used for a, one of which fits the mq 
in the range from 0° to 170° C. and the other in the range from i 
to 270°C. The formula for 8 fits the results in the range froy | 
to 270° C. The values of 8 in the range from 0° to 100° C,} 
been computed from previously published vapor-pressure and lini 
density data. 

The experimental values of L have been obtained from the ob 
values of y and the smoothed or calculated values of 8, using 4 
relation. L y— 8. The empirical formula for L fits the experimey 
results to better than 1 part in 2,300. The form of this equation} 
been chosen in accordance with the usually accepted belief th 
the critical temperature (374° C.) the heat of vaporization “eee 
0 and approaches this value at a negative infinite rate, and thai 
real values exist at higher temperatures. Below 100° C. the valy 
given by the equation are in accord with results of other observers, 

The calculated values of y are now obtained from the calcul: 
values of Z and £8, completing the formulation of the proper 
measured calorimetrically. 


2. DERIVATION OF HEAT CONTENT AND ENTROPY FROM CAL0 
METRIC DATA 


It is now possible to complete the formulation of heat content ia 
entropy, using the smoothed and extended values of the calorimety 
data. The results of these derivations are given in Table 13. 1h 
values of heat content of saturated liquid water, //, given in ~ 


6 
2, are obtained as the sums of the values of a; and of s | » calc 


in Table 12. The values of heat content of saturated vapor //’ 
equal to H+ LZ. The calculation of entropy of the saturated liqui 
has been made using each of the two formulas: 


a ad®@ | H_ (da 
7 f eto. | 

together with the two empirical equations for a, suited to the tw 
ranges of temperature. Thus, a check was obtained on the accuray 
of the computations. These are rather laborious, owing to the com 
plicated form of the a equations. The values of entropy, heat 
tent, a, and 8 are mutually consistent. The values of entropy of 4 
saturated vapor obtained by adding L/9 to ®, which makes thes 
values consistent with the values of L. 
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3-——Thermal properties of saturated water and steam derived from calori- 
metric measurements 
Bureau of Standards, February, 1930 


LE | 





| Entropy— 


| Heat con- Latent Heat eon -——- 

| tent of eat, L tent of | ree 

| liquid, vapor, H * Ofliquid | Of vapor 
| | d @1 








Int. Int. Int. Int. 
Joules/g Joules/g | Joules/g° C.| Joules/g°C. 
2, 494. 02 2, 494. 02 0 9. 132 
2, 472. 26 2, 514. 28 . 1511 | 8, 884 
Loe 2, 534. 00 . 2962 | 8. 656 

.73 2, 553. 32 . 4363 446 

. 90 2, 572. 24 . 5719 253 

31. 64 2, 590. 75 . 7032 074 





90 90 ge 


2, 608. 81 . 8305 
2, 626. 40 . 9543 
2, 643. 48 . 0746 
2, 660. 0: . 1918 
2, 675. . 3064 


909 
756 
613 
480 
356 


had ed tad Seat Baw 


_ 


4177 
5268 
6335 
7381 
8407 


2, 691. ¢ 
2, 706. 
2, 719. 
2, 783. 18 
2 


2, 745. 5 


240 
130 
027 
929 
). 837 


ex: 


2, 756. 95 
2, 767. 38 
2, 776. 82 
2, 785. 


9416 5. 749 
0406 3. 664 
1384 B. 584 
2348 j 


NeNr 


2, 791. 
2, 797. 3% 
2) 801. 1; 
2, 803. 


3299 
4239 
5169 
6091 


PrPypp 


1, 766. 02 2, 802. 9¢ 2. 7007 
1, 715. 59 2, 800. 56 2.7919 
1, 661. 6 2, 795. 47 | 2. 8828 

503. 2, 787. 8: 2. 9746 














3. DISCUSSION OF ACCURACY 


To the user of experimental data consisting of numerical values of 
bysical quantities, it is important to know how trustworthy the 
ures are. In compiling a table of the properties of steam, over a 
ve range of conditions, from various experimental sources, the 
oice of the most truthful figures to take as the basis for formulation 
ust be based on a consideration of accuracy of the experimental 
sults, 
lt is not a simple problem to make an estimate of the accuracy of 
ami data based on calorimetric measurements, because so many 
‘tors enter, each of which contains an element of uncertainty. 
le experimenter is probably best acquainted with the facts w hich 
ould be considered in arriving at such an appraisal. Taken 
beether with the evidence included in a description of the work, and 
aking due allowance for possible bias, an experimenter’s own 
gment as to accuracy may prove useful ‘to the critical reader. 
By careful study of all the factors which enter into the measure- 
lents, a figure can be assigned to each which represents an estimate 
f the magnitude of the outstanding systematic error which remains 
beach factor after all known corrections for standards and calibra- 
ous have been applied. Since the signs of these various outstanding 
urces of systematic error are unknown, they may be considered as 
mbining fortuitously i in the final result. 
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In addition to these, a figure can be deduced for each of the ue 
tities measured calorimetrically, from the differences actual] vy 
hibited by individual results, which denotes an estimate oj 4 
magnitude of the error of each final result resulting from accidoy; 
errors in making the measurements. 

Having made these preliminary estimates, it is possible, with 
aid of the theory of probability, to combine ‘them and finally o 
a figure which represents an estimate of the limit of variabj 
within which it can be expected the true value lies with any cer, 
degree of likelihood. 

Such an analysis has been made of the results of the presey 
investigation, by consideration of every source of error, both sy 
matic and accidental, which seems to have a significant effect 
final estimate has thus been obtained for each of the three then m 
properties, H, L, and H’. In each case limits have been _ 
such that there is only 1 chance in 100 that the true value lies ou 
these limits. This is a purely arbitrary way of expressing an inj 
of the accuracy of the results. Such an estimate admits the 1 chay 
in 100 of the error being greater than the index, and also admits 
chance that some important source of systematic error has }y 
overlooked or underestimated. 

On this basis it is estimated that there is only 1 chance in 100 th 
the values given for H differ from the truth by as much as 1 parti 
2,000. It is estimated to be equally unlikely that the values giv 
for Z and H/’ are as much as 1.5 joules per gram from the truth int 
range of the exveriments from 100° to 270° C, 
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REVIEW OF CALORIMETRIC MEASUREMENTS ON 
HERMAL PROPERTIES OF SATURATED WATER AND 


TEAM 
By Ernest F. Fiock 


ABSTRACT 


his review has been prepared to assemble the data which are now ava‘lable 
the calorimetric determinations of the thermal properties of saturated water 
steam and to reduce them to a uniform basis for comparison. After a careful 
s of the reports which have appeared in the literature an attempt is made 
point out some possible causes for the variation among the recorded results. 
erever it seemed desirable, a thermodynamic interpretation of the experi- 
sis given, and in 9 number of cases the data have been recalculated. By 
se means the agreement among the various determinations has been improved 
everal instances. 
tis hoped that this assembly of results presented on a uniform basis may 
as an aid to future International Steam Table Conferences in the choice of 
values and tolerances for the International Skeleton Tables. 
3y means of deviation charts the experimental values for the heat content or 
hslpy of the saturated liquid and for the latent heat are exhibited and com- 
ed. The agreement is, in general, quite gratifving. 
everal modern steam tables are compared graphically with one another and 
the National Bureau of Standards experimental results on the thermal 
erties of the saturated liquid and vapor. A marked improvement in the 
sis evident with the increase in scope and the reliability of the basic experi- 
tal data. 
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I. INTRODUCTION 


There have been numerous attempts in the past to formulate the 
lermal properties of water and steam, by means of equations, into 
ubies convenient for the use of engineers. These formulations have, 
481 
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through necessity, been based on se -attered groups of expering 
data, recorded by different inves tigators in a great variety of 
For the most part the variations in the tabulated values in 
tables may be attributed to three causes. F irst, the choice of yay 
forms of empirical relations to fit data which in themselves ar, 
tered and somewhat discordant; second, the confusion arising {; 
the use of the different measuring standards: third, the therm 
namic interpretation of the experimental data. 

An important advance in the evolution of steam tables was mad 
the International Steam Table Conference at London in July, | 
One accomplishment of this conference ' ? * was the establishmoey 
an International Skeleton Table, with tolerances, of the ther 
properties of water and steam. It was anticipated that the i 
there adopted was subject to revision by subsequent conferences yj 
the idea of narrowing the limits and approaching more closely 
true values. 

The publication of the data from the calorimetric determinaj 
at the Bureau of Standards, presenting new values for the then 
properties of steam over a large portion of the saturation reg; 
has suggested the need of a summary of all available data of a sinj 
kind. This review is given as a supplement, appearing simultane 
with the detailed report of the Bureau of Standards determinatin 
to aid in the comparison of these results with those previously | 
lished. By the reduction of all the data to a uniform basis for « 
parison it 1s hoped that the review may serve as an aid in the choi 
of basic values and tolerances for the International Skeleton Sty 
Table. 

It is often possible, by studying the published descriptions, to rey 
important evidence as to reliability, and it has been the aim int 
review to bring out such evidence. It is gratifying to find that 
some cases, careful analysis and reduction of published data are) 
warded by improvement in the agreement of the results. 

The experiments in this field fall logically into two groups: | 
Determinations of the heat content or enthalpy of the liquid, and 
determinations of the heat of vaporization. The various experimen 
of each group will be discussed in chronological order as far as 
practicable. 

II. NOTATION 
M = mass of fluid. 
m=mass of saturated vapor. 
temperature, centigrade. 
temperature, centigrade absolute. 
-saturation vapor pressure. 
external pressure. 
=internal volume of container for water. 
-specific volume of saturated liquid. 
specific volume of saturated vapor. 
fraction of the water which is vapor. 
internal energy of entire water sample. 
intern: al energy per gram of saturated liquid. 


1 Eng., 128, pp. 751-752; 1929. 

? Zeit. des V. D. 1., 73, No. 52, pp. 1856-1858; 1929. 
§ Mech. Eng.. 52, pp. 120-122; 1930. 

42. S. Jour. Research, 6 (RP209), pp, 411-480; 1930. 
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/—internal energy per gram of saturated vapor. 
heat content per gram of saturated liquid (€+ vw). 


-heat content per gram of saturated vapor (e’ + 7w’). 
-heat of vaporization per gram = H’— H, 


u 
H-L u' — g74 r# 
Lu 


u 


dr . , 
a (u’ —u) (Clapeyron equation) 
ad 


I. ANALYSIS AND REDUCTION OF SOURCE DATA 
1, DETERMINATIONS OF HEAT CONTENT OF THE LIQUID 


Mn the temperature range from 0° to 100° C. the investigations have 
n numerous and particularly painstaking, because the calorie was 
das a primary unit of energy and much effort was expended in 
termining the precise relation between this and other units of 
This latter knowledge has been necessary in order that all 
lorimetric data could be reduced to a common basis for comparison. 
as has already been attempted, a heat unit defined arbitrarily and 
ectly in terms of mechanical units is universally adopted and used, 
e need for these so-called mechanical equivalents of heat vanishes 
far as future work is concerned. The difficulties encountered in the 
eparation of this review emphasize the advantages of adopting some 
h arbitrarily defined heat unit. 
That the experimental determination of the mechanical equivalent 
heat referred to water is a difficult task is evidenced in the litera- 
ne by the diversity of the results recorded. Even after the most 
reful attempts to reduce the experimental values to a uniform basis, 
ere still exist divergent values for the mechanical equivalents of the 
erious calories. 
Since many of the past determinations of heat capacities and of 
ttios of these give little important information about the heat 
ntent, they are accorded only passing mention in this review. More 
portant among them are determinations by Rowland,°> Griffiths,® 
huster and Gannon,’ Liidin,’ Callendar,? Romberg,’ and Laby 
hd Hercus.'!' The results of Barnes,” and of Jaeger and von Stein- 
er’ yield, on integration, values of heat content which will be 
cussed more fully later. 
(2) REGNAULT 


For a long time the classical work of Regnault  furn:shed the most 
‘liable information available on the specific and latent heats of water. 
Acad. of Arts & Sci., 15, pp. 75-200; 1879. 
l'rans. Roy. Soc. London, A184, pp. 361-504; 1893. 


' Phil. Trans. Roy. Soc. London, A186, Pt. 1, pp. 415-467; 1895. 
Vie Abhingigkeit der specifischen Warme des Wassers von der Temperatur. Inaug. Diss., Ziirich; 


rrans. Roy. Soc. London, A199, pp. 55-148; 1902. 
Am. Acad. of Arts & Sci., 67, pp. 377-387; 1921-22, 
rans. Roy. Soe. London, A227, pp. 63-92; 1927. 
1. Trans. Roy. Soc. London, A199, pp. 149-263; 1902. 
Ann. Phys., 369, pp. 305-366; 1921. 
tions des Expériences, 1, 635-748; 1847, 
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At the time these researches were carried out the physical scje, 
were in their infancy, but in spite of the many difficulties Regn, 

-onclusions were remarkably accurate. In the 50 years that folloy 
no similar experiments on water and steam comparable in accu 
are recorded. 

No matter how carefully his experiments were done, they could, 
have yielded results as near to the truth as can now be obtained yj 
the aid of more advanced theory, more definitely established sty, 
ards, and improved laboratory apparatus. It is not possible, with y 
considerable degree of certainty, to interpret the temperatures yj 
he recorded, in terms of the present international scale. For jj 
reasons, no attempt will here be made to reduce his results to a ey 
parative basis. They are considered instead as an important 1) 
stone which it took years to reach, but which has now been left, 
behind. 

(b) REYNOLDS AND MOORBY 


In the experiments of Reynolds and Moorby " the value of the me 
calorie was measured directly in terms of mechanical units with 
modified Froude brake. This work was done on an engineering sca} 
and many precautions were taken to insure the precision of 
results. The principal corrections were for thermal leakage and libex 
tion of dissolved air. Some errors were probably introduced 
formation of vapor, by variations in the speed at which the driv 
engine ran, and because thermometry at that time was not on 
entirely satisfactory basis. On the average the water entered : 
brake at a temperature of about 1.3° C. and a pressure of about 
atmospheres and left it at a temperature of about 100° C. a 
pressure of about 1.8 atmospheres. A correction was applied for t) 
energy change due to the pressure drop through the system, so 
the value recorded is the mean specific heat of water between 1: 
and 100° C. at a constant pressure of 2 atmospheres. As the meand 
26 separate determinations Reynolds and Moorby report this mecha 
ical equivalent as 4.1832 x 10’ ergs per gram ° C. along the 2 atmos 
phere line. If the figure 1.0004 '° is taken as the ratio between th 
international and the absolute joule, this value becomes 4.1Sli 
international joules per gram ° C. It may be further corrected to tle 
saturation path by the following method. 

The value for the change in heat content with pressure at constati 
temperature can be ev valuated through the relation 


($5) -V-e o-) 
OP Jy 06 /, 


in which the right-hand member can be evaluated with sufficer 
precision from data on specific alt inca and coefficients of therm 
expansion given in the International Critical Tables. The correctio 


desired are then the products (Sp) (1—7) when the values z= 0.000 
Jo 


atmospheres at 1.3° and =1 atmosphere at 100° are substitutes. 
The change in heat content along the saturation path from 1.3° w 
100° is greater by 0.206—-0.076=0.13 international joules per gral 
than it it is s along the 2 atmosphere path. 





Trans. Roy. Soc. London, A190, pp. 301-422; 1897. 
#® Bureau of Standards Tech. News Bul.; April, 1930, 
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pynolds and Moorby’s value for the change in he: at content from 
io 100° along the saturation path becomes 4. 1815 X 98.7 + 0.138 
G4 nternational joules per gram. The value for the change in 
eontent of water between 0° and 100° is obtained by adding to 
the Bureau of Standards value for the change in H from 0° to 

5.49 international joules per gram. The result thus obtained 
the work of Rey nolds and Moorby is 418.33 international joules 
oram for the change in heat content of water between 0° and 
along the saturation path. 


(c) DIETERICI 


ieterici’s ‘7 experiments consisted in the introduction of quartz 
. at known temperatures, first empty and then containing 
wn masses of water, into a Bunsen ice calorimeter and observing 
contraction in volume due to the fusion of ice. This contraction, 
ich he expressed in milligrams of mercury, is a measure of the 
lost by the tube or the ‘tube and contents when its temperature 
need from the initial value 6, to 0° C. By difference the contrac- 
n due to the cooling of the water sample alone was obtained. 


ressing by Ql this heat lost by the water and by C,, an integrat- 


mean specific heat which is to be experimentally determined , Die- 
ici’s results were evaluated through the equation 


Ql =m o| + [ atc nd | 


- dr 
me | = ls one Mu)( 0% — r)| 


: 6 ‘ 
is correction mp |. takes into account the energy changes in the 


e-present vapor phase. Since the volume change of the retaining 
bes due to changes in temperature and pressure is negligible, the 
bat exchange of ‘the contents becomes identical with the loss of 
ternal energy. 
For any state 


E,= Mre’ + M(1—2z)e= Me+ Mu(e’ —« 
V= Mew’+ M(i-2z)u=Mu+ Mow’ 
_ V-Mu 
~~ M(u'—u) 
E,=Me+(V-—- 


, ‘aoe ee dz fee ae 
L=é—et+x(u u) = OF, (u u) 


 Dieterici, Ann. Phys., 321, p pp. 593-620; 1905. 
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Hence 
é dr 


w—u ad ™ 


E,=Me+(V- Mu)( 097 — +) 


oJ 0] [ea] [erat off-)] 


From which 
6 9 
[owt =] 
0 0 


Dieterici records experimental values of C,, and 6, and, as show 
the product of these is the specific internal-energy change of jj 


saturated liquid. His values of the correction term mp (V- 


dr  \ dr. 
(oF  ) were calculated from the best values of u, 7, and |" th 
do bo dé 


available. In order that the values of the contractions which | 
observed in milligrams of mercury could be converted into m 
convenient units he made very careful direct determinations of 
volume changes produced by the addition of measured quantities 
electrical energy. 

With the experimental data now available it is possible to inter 
his results directly in international joules without reference to ti 
experimentally determined electrical equivalent of the calorimetrical 
observed quantity. His results at 100° C. furnish in effect a dire 
determination of the equivalent of the mean calorie in terms ¢ 
milligrams of mercury. This value in milligrams of mercury cor 
sponds to the value of the mean calorie in international jouls 
which is now known to a greater precision than he could have ob 
tained with his observations on electrical equivalent. When thi 
method is used to calculate the results of his measurements all dif 
culties arising from the evaluation of his electrical standards and {row 
the changes which electrical units have since undergone are avoided. 

From recent experiments it is possible to evaluate the correctio! 
term mp],’ more exactly than before. At the same time a term of tle 
magnitude wu can be introduced to convert the internal ener 
changes into changes of heat content. 


As above 
r) 01. : o= dix a jal “? 
Qo’ = Me,’ + la Mu) (0 6? I} 


edt be B 


But 


do wu’ —-u u 


( J 
Maé+| (V- Mu)( 4 - ) | 
) 


Hence 
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ling Mru],’ to both sides 


Qo? + Maru)o’ = Me].? + Mrru].° + | v- Mu)(F _ r) | 
hence 


Q\.? + Mru).’ = MH),? + [ (vu) c F r) | (17) 


| panding and collecting 
Ql!’ = MH]? 4 k (é -r)[- A rs} rae 


H),° =[a+ Blo! (19) 


Q].° = Ma], 4 | v(é — r) |. (20) 


Considering now the experiments at 100° C., if Q].’ is expressed in 
ligrams of mercury and both terms in the right-hand member in 
ernational joules, we may write 


KQ).’ = Ma),? 4 ke r) (21) 


mm which the value of the conversion factor K can be determined. 
lues of a and 6 are obtainable from the previous paper,'* and 
lues of w and w, which enter only in the relatively small correction 
rm, from the best sources now available. There are 13 experi- 
ents in the neighborhood of 100° each of which yields a value of K. 
The 13 values of A thus obtained yield a mean value of 0.27024 
ternational joules per milligram of mercury, when the experiments 
e weighted according to Dieterici’s estimate of their reliability. 
ey are very consistent, the maximum deviation from the mean 
ing about 1 in 720 and the ave rage 1 in 1,380. The accuracy of 
be chosen mean value of K is doubtless greater than the experimental! 
curacy at temperatures other than 100°, because of the greater 
imber of ex xperiments performed at that temperature, and because of 
he comparative ease of maintaining and determining the steam 
int. 

To transform equation (20) given above into a form convenient for 
he calculation of heat content, add 4/8],° to both sides and collect. 


6 
Mal,’ + Mp],? = 0.27024 au v8 ~- r) | + Mg],° = MH), 


» 0.27024 Q].’ VB _ [+ 9 
H).’= 9g Miu 7,7 Fe 


At any temperature the terms in the right-hand member of this 
Juation can be evaluated from the same sources as at 100°. Diet- 
ici’s data give the values of QJ,’ corrected for heat leak, the values of 
{ corrected for buoyancy, and the measured values of V. Hence, 
I can be evaluated at each temperature for which data are given. 





If Seg silted 4, p. 482. 
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Making use of the Bureau of Standards data, his values of | 
been reduced to even temperatures for convenience in makino, 
parisons with others. Table 1 shows the results of Dieteric 
periments as obtained by this method of calculation. 


] h 
y 


TaBLe 1.—Heat content of saturated liquid water calculated from Dieteric 
ments 


Heat 
| content, Temperature, 6 °C, 
H 


| Int. joules 
per g 

63.10 |} 100_- 

83, 82 110_- 
104. 6 130 
125.6 || 156 

146, 3 183. 


192. 3 200-. 
—— 
240_- 
259_ 


303 








1 This value has been made to correspond exactly with the Bureau of Standards value by the my 


computatior 


The accuracy of the temperature measurements, which were 1 
with mercury in glass thermometers, calibrated at the Reichsansi 
was probably so good that the thermometry did not limit the ove 
accuracy of the experiments. How nearly the water contai 
assumed the same temperature as that observed for the bath is! 
certain. Heat-leak corrections were small, and though there is |i 
discussion of how they were obtained, it is believed that they furnis 
only a minor portion of the error in the final results. At the high t 
peratures the values of V become more significant, and higher pr 
sion in the determination of these would have increased the accu 
of the results. As a whole the research seems to have been cam 
out with great care and skill and claims the admiration of the care 
reader. 

(d) BARNES 


Barnes * gives a very detailed account of his researches on the be 
capacity of water between 5° and 95°, using a flow calorimeter oft 
so-called ‘‘continuous electric’? type designed in cooperation i 
Callendar.” 

Water was admitted into a vacuum-jacketed glass calorimeter #! 
steady but controllable rate, and its temperature was raised by mei 
of an electric heater located in the stream between a pair of differenti 
resistance thermometers which indicated the temperature rise. 1 
amount of water which had passed through tae calorimeter ' 
determined by weighing. The experiments were performed 3 
constant pressure differing from the atmospheric pressure by % 
small pressure head used to maintain the flow. 

For the electrical equivalent of the mean specific heat between 
and 95° Barnes gives 4.1888 joules, referred to the international 0 
and the volt defined as 1/1.4342 of the emf of the Clark cell at ) 








1° See footnote 12, p. 483. 0 See footnote 9, p. 483. 
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q recomputation of his results in 1909 7! he expressed the belief 
the voltage of the Clark cells at 15° as used i in 1902 was 1.4333. 
seer tre the results previously published by 1 part in 798. Thus 
omputed, the value of 4.1888 joules per gram for the mean specific 
at between 5° and 95° becomes 4.1835 joules per gram. Correcting 
the end intervals he obtained the value 4.1849 international joules 
gram for the equivalent of the mean calorie along the atmospheric- 
ssure path. In 1910 the value of the international volt was re- 
joned, using as a standard the Weston normal cell having an emf 
90° of 1.0183 international volts. In terms of this standard of 1910, 
ark cells, made up according to the old specification, have an emf 
15° of 1.4328 volts. This may be considered at least a probable 
jue for the Clark cells used by Barnes in terms of the present system. 
is value further reduces his mechanical equivalent of the mean 
lorie along the atmospheric-pressure path by 1 part in 1,433, to 
1820 international joules pergram. This value, corrected to satura- 
n pressure, becomes 4.1830 international joules per gram. 
In Laby’s * critical discussion of the mechanical equivalent of heat 
te results of Barnes, among others, are reduced to absolute units. 
ce the values are desired here in international units, and since 
by discusses only the 20° calorie, no comparison with the results 
en in his review is included. 
Without reference to the report of Barnes in 1909, his values for the 
ecific heats can be transformed into present international units as 
lows. In his original computations the value assigned to the Clark 
ll at 15° was 1.4342 volts. As stated above, the emf of Clark cells 
ade up according to the same specifications is 1.4328 international 
olts. Therefore, the values of specific heat as originally reported 
an be transformed into present international joules by reducing them 
y 1 part in 512. 
Barnes represents his data as finally reduced by three equations, 
ppropriate over the temperature intervals indicated. 
(5°-87.5°) Op = 0.99722 + 0.000035 (37.5 — 4)? 
+ 0.00000010 (37.5 —6@)° (24) 
(37.5°-55°) C,=0.99722 + 0.0000035 (9- 
+ 0.00000010(@— 37.5)° (25) 
(50°-100°) C,=0.99839 +0.000120(@— 55 
+ 0.00000025 (@— 55)? (26) 
These are in terms of his own mean calorie, and yield on integration 
vith respect to temper ature, values for the changes in heat content in 
mean calories. The integrated equations are 
I’ =0.99722 —0.00000117 (37.5 — 0)?— 0.000000025 (37.5—6)! (27) 
Dz. = 0.99722 + 0.00000117 (@— 37.5)? + 0.000000025 (@—37.5)* (28) 
H);° =0.99839 + 0.000060 (@— 55)? + 0.000000083 (@— 55) (29) 


To transform the values calculated from these equations into a 
form convenient t for comparison, two further corrections are applied. 


"Proc. Roy. Soc. London, 82, pp. 390-395; 1909. 
“5.8, ¢ ‘ircular No. 60, p. 41; 1920. 
® Proc, Phys, Soe, London, 38, pp. 169-175; 1925-26, 
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Since the first equation is valid only down to 5°, the value of Hf 
mean calories is supplied from the Bureau of Standards data. hie 
correction is necessary to reduce the results to the saturation pres 
for each temperature recorded. The method of calculation of ¢, 
corrections has already been described. Table 2 gives the vahi 
heat content calculated from Barnes’s equations, “the COTTECtioy 
reduce them to the saturation pressures and in the last colump 
values along the saturation path. The figure — 30. internatig 
joules per gram as derived above from Barnes’s own measuren 
is used for the conversion of mean calories to ceameueenakl Joules, 


TaBLE 2.—Heat content from Barnes’s specific heat equations 


Heat con- (3p Heat 


To, ca er | tent P=1 | aP content 
Temperature 6 Ldeeaeniniee a 2 0 i, 
& Ih atm. | (l—7) 
| 
Mean | Mean Mean 
2 calories/g calories/g calories/g 
| 10. 03 0. 02 10. 05 | 
20. 04 “02 20. 06 
30. 02 . 02 
39. 99 . 02 
49. 97 - 02 


£9. 95 .02 
69. 95 Ol 
79. 96 01 
89, 98 . 00 : 
100. 01 . 00 100. 01 








The chief uncertainty in the value of the heat content of waters 
100° expressed in international joules per gram from the experimen 
of Barnes lies in the interpretation of the emf of the Clark cells us! 
The value which seems most probable to the reviewer is 418J 
international joules per gram. 

In a glass apparatus of the type used by Barnes the evaluation of th 
heat Jeak (4 per cent of the total energy supplied in the extreme cas 
including the heat effects observed and interpreted as due to adson 
tion or liberation of residual gas in the evacuated jacket, is a diffi’ 
task. 

The temperature scale used in these experiments was substantial] 
the same as the present international scale. Observations of temper 
ture differences with the differential resistance thermometers wer 
probably sufficiently precise. The precision with which the electric 
measurements were made appears to have been ample. The assump 
tion that the walls of the weighing vessel always retained the same mis 
of liquid may have been’a source of error. The possibility of formatio 
of vapor and liberation of dissolved gas within the calorimeter s 
inherent in the method and the effects are difficult to evaluate. | 

To obtain an accuracy of better than 1 part in 1,000 in this types | 
experiment requires a degree of refinement in the calorimetry ! 
which is not easily attained. It appears that there may have ae DOs 
sible sources of systematic error, some of which have ‘been eam 
and several of which may have exceeded 1 part in 10,000. In th 
absence of positive supporting evidence it seems that Barnes’s et 
mate of accuracy of 1 part in 10,000 may have been too optimist 

The reader of Barnes’s report is impressed with the a 
care and skill with which the experimental program was planned av 
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cuted, and this piece of work remains one of the outstanding con- 
butions to our knowledge of the heat capacity of water. 


(ec) CALLENDAR 


allendar spent many years in the investigation and formulation 
he properties of steam. In his work on the liquid he is responsi- 
for the development of two types of calorimetry which he has 
cribed as the continuous electric method and the continuous mix- 
e method. The former method was used by Barnes in the re- 
rches already described and the results of this investigation are cor- 
tly attributed to Callendar and Barnes. At a later date Cal- 
dar 4 alone pens experiments by the second method to test 
> ratios of the specific heats reported by Barnes and found good 
reement between the methods. He stated that the method of 
xtures was more dependable than the electric method because the 
t leak was reduc ed from about 4 per cent to about % per cent of 
» total energy changes involved. 
In not only this work of 1912 but also in all the succeeding reports 
ich Callendar has published the reviewer has little opportunity to 
praise the experimental work, as such, because practically no 
yerimental data are given. Instead, ¢ ‘allendar has chosen alws ays 
formulate his experimental data through equations into tables of 
e properties most desired. These tables must be taken as repre- 
ting the best values indicated by his own experiments, but the 
ta of other observers are included in the reductions in such a w ay 
at it is impossible to separate them. 
Beyond the knowledge that Callendar was an exceptionally brilliant, 
ilful, and painstaking sag serge: ang! who devoted much time to 
vestigations in his chosen field, the lack of published experimental 
bta precludes an estimation of the absolute ace uracy of his experi- 
ental results, or the agreement between these results and his 
bulated values. 
Therefore, for the purposes of this comparison, the values taken 
pm his latest steam tables 2 are used as best representative of his 
tire group of measurements. 
Callendar’s equation for the heat content of the liquid is 


Lu 
(30) 


H =k(0 —c) “i = u pars 


bh which k and ¢ are constants. The last term in this equation is 
le quantity B measured experimentally at the Bureau of Standards, 
nd from the relation 
H=a+8B 
follows directly that, according to the Callendar formula, 
a=k (6—c) (32) 
nd that 
da _ (33 
oT?) 
do 





‘hil. Trans. Roy. Soc. London, A212, pp. 1-32, 1912-13. 
Inst. Mech. Eng., No. 3, pp. 507-527; 1929. 
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The quantity a has been very carefully determined by dh 
calorimetric measurements at this bureau at each 10° interval fy 


~ aia da. 
0° to 270°. These results indicate that the value of do 3° Practiy 


constant in the range 50° to 170°, but outside this range it vat 
considerably. Callendar recognized that his equation was inal 
quate in the region from 0° to the temperature of the miniy 
specific heat of water, but accepted it nevertheless, because «; 
simplicity, its degree of approximation to the truth, and the rely 
unimportance to the engineers of the values calculated from j 
the range near the freezing point. His own experimental evidy 
confirming the validity of the equations at high temperatures js J 
at hand. According to the Bureau of Standards data the valye, 
oe decreases from a practically constant value of 4.17 internatig, 
joules per gram °C. in the range 50° to 170° to about 4.10 internatio: 
joules per gram °C. at 270°. 

Since the quantity B= te is small in comparison with a, the ¢ 
crepancy in the values of H at the higher temperatures is due lary 
to the difference in the evaluation of the variation of a with ts 
perature. 

Callendar’s values of H’ doubtless have as a basis his numen 
experiments in the superheat region. His values of H are from ti 
equation discussed above, which was based on the work of Callendy 
Barnes, and probably Dicterici in the high temperature range. 

In Table 3 are shown, in international joules, the values of H a 
H1/’ from the most recently published Extended Steam Tables.” 


TABLE 3.—Callendar’s values of heat content 


Heat content— 
Tempera- tees Bac 
ture 0 | | 
Of liquid 27 |Of vapor 7’; 


Int. joules/g \Int. joules/g 
0 | 2, 488. 3 
2, 584. 


5 208.77 | 2 
| 418.54 | 2,675.7 
| 631. 62 | 2,751.8 
| 852.14 | 2,801.7 
} 1,087.36 | 2,818. 
_ | 1,187.81 | 2,811.3 
| | | 








(f) JAEGER AND VON STEINWEHR 


The experiments of Jaeger and von Steinwehr on the heat capacity 
of water from 5° to 50° C., performed in 1911-12 and published 
1915 * and more completely in 1921, have been the basis for tlt 
5° ealori sed by the Reichsanstalt. Their calor: 
value of the 15° calorie used by the Reichsanstalt. reir calori 
eter, containing 50 liters of water at atmospheric pressure, Wi 
heated electrically, in steps of about 1.4°, and the rise in temperatil® 
was observed with resistance thermometers. <A stirrer aided in the 





See footnote 25, p. 491 
Sitzungber d. Berl. Akad., p. 4 1915. 
ee footnote 13, p. 483 
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ibution of the heat added, and itself added mechanical energy at 
rate of over 60 joules per minute. The heat capacity of the 
jmeter, stirrer, and accessories was calculated from the masses 
he parts and their specific heats and was considered constant over 
temperature range covered. The time of electrical heating was 
matically recorded with sufficient precision by a chronograph. 
temperature scale and the electrical units employed were sub- 
tially those now in use by international agreement. 
1e evaluation of the correction, which includes thermal leakage 
pump energy, was carried to considerable lengths theoretically, 
there is some doubt that the values so obtained were sufficiently 
rate. No statement was made concerning the constancy of the 
p speed. ae ; 
an effort to gain sensitivity the measuring current through the 
mometer was increased to 0.08 ampere. Such a procedure throws 
bt upon the accurate indication of temperature changes to 0.0001°, 
use of the heating of the thermometer itself. ‘This suspicion is 
ported by the fact that a considerable rate of stirring was required 
yrder that the temperature change of the calorimeter would appear 
ilar during the periods when no energy was being supplied in the 
ting coil. The temperature intervals were so small that the 
umption of the constancy of the specific heat in any interval was 
irely justified. 
he capacity of the calorimeter was chosen so that the mass of the 
er sample was large compared to the water equivalent. The calo- 
beter was not tightly sealed, and there was the possibility of the loss 
water vapor. Great care was taken with the electrical measure- 
its, and the only questionable point here is the heating of the 
ndard 0.1 ohm resistor, due to the current in it, during observations 
the current through the heater. 
From a total of 111 experiments 37 were rejected because of known 
lts in manipulation, ete. An empirical equation of specific heat 
a function of temperature was fitted to the remaining 74 points by 
p method of least squares. The consistency of the experimental 
ints is indicated by the fact that they lie so well on a smooth curve, 
average deviation from the curve being 1 part in 2,350. 
Their equation 


C, = 4.20477 — 0.0017680 + 0.0000264476 (34) 
lds on integration with respect to temperature 
S°C,dé= H}*, = 4.204776]’; — 0.00088467}", + 0.0000088164}, (35 


The values of changes in heat content along the atmospheric- 
essure path can be computed from this equation. Corrections to 
é saturation path are the same as those given in the discussion of 
e work of Barnes. 

lable 4 shows in column 2 the values of H for water under a constant 
essure Of 1 atmosphere from the above equation, in column 3 the 
rections necessary to reduce these to saturation pressures, and in 
‘umn 4 the values thus reduced. 
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TABLE 4.—Heat content from Jaeger and von Steinwehr’s specific heat equ di 
| | surro 
pe P= ‘ Heat prmon 
Temper- | 1 atmos- (3p) (in) congent 

ature 0 phere, oP/]0 

Hi atm. 








Int. Int. 
joules/g joules/g joules/g 
41.97 0.10 42.07 
8&3. 82 .10 83. 92 
125. 59 .09 125. 68 
167. 34 . 08 167.42 
209. 13 . 08 209. 21 

















2. DETERMINATIONS OF LATENT HEAT 
(a) DIETERICI 


Using a Bunsen ice calorimeter, Dieterici made 20 determinatio) 
of the en heat of water at 0° C. Considering the early date; 
this work and the comparative simplicity of his apparatus the resi 
seem remarkably good. He vaporized the water at pressures slight 
below the vapor pressure at 0° C. from small containers of glass 
of platinum surrounded by a considerable quantity of mercury amifith 
observed the increase in volume of the ice-water mixture in (en 0 
‘alorimeter around the mercury. Several errors could have affecidii 
the final results. Some water would have been lost as vapor from ¢ 
capsule between the time it was weighed and the time it was ca 
nected to the lead-in tube in the calorimeter. Some was doubii 
lost as vapor to fill the tube system itself. The adiabatic expansi 
of the air in the system could have produced some cooling, thoug 
Dieterici states that this was negligible. His data for the evaluati 
of the heat leaks must be taken as given because of the lack of t! 
details of their computation. There is an uncertainty as to tl 
amount of energy involved in the expansion of the vapor after all t! 
liquid had evaporated. Uncertainties in units can be avoided 
using the conversion factor K= 0.27024 international joules per mil 
gram of mercury as derived above and based on his own determin 
tions of the mean calorie and the Bureau of Standards value of t 
electrical equivalent of the mean calorie. The 20 experiments th 
reduced yield a mean value of 2,490.6 international joules per gral 
as the latent heat at 0° C. The average deviation of the individu 
experiments from this mean is 1 part in 847, 


"y 


(b) GRIFFITHS 


Among the earlier determinations of latent heat are those | 
Griffiths.*° He reported determinations by a vaporization metho 
under reduced pressures at 30° and 40°. That part of his apparatl 
in which the thermal changes were isolated and observed consist 
essentially of a small oil bath, mechanically stirred and electricall 
heated, from which water was vaporized. This unit was located insid 
an iron box containing a large quantity of mercury for thermal bé 
last and for activating the thermoregulator which automatically mai! 
tained the temperature of the surrounding water bath. Temper 
tures were observed with mercury thermometers carefully calibrate 





> Ann. Phys., 273, pp. 494-508; 1889 
’ Phil. Trans. Roy. Soc. London, A186, Pt. 1, pp. 261-342; 1895. 
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corrected. Temperature differences between the calorimeter and 
airroundings were measured with differential platinum resistance 
brmometers. : 
Because of the method of operation adopted—namely, the evapora- 
, of the entire water sample in the calorimeter—the end effects 
- rather large and troublesome. The energy supplied by the 
rer amounted to about 1 per cent of the total and could be deter- 
ved to within 1 part in 50 of itself. Griffiths considered this the 
iting error in his experiments. The heat leak was on the average 
it 0.1 per cent of the total energy change involved, a fact which 
reases the confidence in the final results. 

3y passing the vapor through 18 feet of silver tube in the oil of the 
ormeter proper, the danger of priming was lessened. The possi- 
ity that the vapor was superheated was small, and the likelihood 
error from this source is not large. 

The greatest uncertainty in the reduction of these data to a com- 
ative basis lies in the evaluation of the Clark cells used, in terms 
present international volts. Assuming that his cells were made up 
rding to the specifications of the Chicago Congress of 1893, their 
fon the present basis becomes 1.4328 *! international volts. Since 
ifiths assigned the value 1.434 volts to his cells at 15°, his results as 
en must be reduced by 1 part in 600 for conversion to present 
its, The individual experiments have also been corrected to even 

do 

he mean results from 7 experiments near 30° and 11 near 40° are 


L39. = 2,426.0 international joules per gram. 
Lo = 2,400.5 international joules per gram. 


At 30° the individual experiments are in very good agreement, the 
erage deviation from the mean being 1 part in 5,170. At 40° the 
erage deviation from the mean is 1 part in 1,500. In spite of the 
ater number of experiments at 40°, it appears that the mean value 
30° is probably the more accurate of the two. 


(c) A. W. SMITH 


A. W. Smith ” * has made determinations of the heat of evapo- 
tion of water at five temperatures below 100°. He lays consider- 
ble stress on the advantages of the method which he used of allowing 
let evaporation to proceed in a stream of air passing over the 
riace of the evaporating fluid. In the earlier work the stream of 
twas allowed to bubble through the water, and the stirring was 
complished in this manner. In these experiments the corrections 
t thermal leakage were considered negligibly small. In the later 
perments which constituted a determination of the latent heat at 
WY C., the stirring was accomplished mechanically, and the air did 
t bubble through the liquid. Experiments were run at various 
es and the thermal leakage and pump energy effects were thus 
lmmated, provided they remained the same in any two experiments 
lich were combined. No correction was applied for the heat effect 
volved in the expansion of the vapor from saturation pressure down 





"See footnote 22, p. 489. 
hys. Rev., 25, pp. 145-170; 1907. 


ys. Rev., 83, pp, 173-183; 1911, 
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{o the partial pressure which it exerted in the mixture of air and ym 
In the reports mentioned above there are not sufficient data o, 
rate of passage of air to permit calculation of this correction, » 
fessor Smith’s privately communicated estimate is that, in the ey, 
ments at 100° C., the amount of air was not greater than | lite: 
5 g of water evaporated. If this maximum amount flowed in qj; 
experiments at 100°, the value of the latent heat from each shy 
be decreased by about 1 joule per gram. For all the determing, 
below 100° where the specific volume of the vapor is relatively |, 
this correction is doubtless negligibly small. , 

The measurements of temperature and of power supplied to 
calorimeter were sufficiently precise so that they do not limit { 
accuracy of the final results. 

The masses of the water evaporated were carefully determiy 
but where the samples were as small as 2 or 3 g, as they were ip 
the earlier experiments, the absolute accuracy becomes more import 
and is somewhat open to question. No mention is made of the me 
employed to keep the pump power constant in the stirred calorime 
A comparison of the results of the individual experiments does 
indicate a high degree or reproducibility. For instance, at 100° 
where the consistency is best, the average deviation from the mea 
1 part in 1,000. ' 

A series of four determinations at 100° was made with acti 
boiling and very small flows of air. The average result of this se 
is 16.7 joules per gram lower than the average of a large series in whi 
the evaporation took place quietly. This low result is explained 
being due to the carrying over of unevaporated droplets of water 
the air-water stream. 

To the reviewer it appears that the danger of priming has oft 
been greatly overestimated. The experimental values for the lat 
heat are, in nearly every case at hand, independent of the rate 
withdrawal of vapor. Mathews * records test experiments whi 
indicate the absence of unevaporated droplets in a region above t 
surface of actively boiling water. 

The details of the latter series of experiments by Smith seem ¢ 
meager to justify his explanation of the low results. For the s 
reason the formulation of an alternative hypothesis is precluded. 

In Table 5 are given the results of Smith’s experiments. The di 
recorded in the report of 1907 have been converted into present int 
national joules by decreasing the values as recorded in terms of 
Clark cell at 15°= 1.434 volts by 1 part in 600 in the latent hea 
to conform to the value 1.4328 international volts as previously 1s 
in this paper. Corrections to the temperatures indicated have bet 


; i dL 
made using the Bureau of Standards values for hy 


TABLE 5.—Latent heats from Smith’s experiments 


Temper- | Latent 
ature | heat 
ws, OF | Int. joules/g | 
14 2,473.5 | 
2 | 2447.6 
2, 431. 1 
2, 401. 4 


2, 261.6 





#4 J, Phys, Chem., 21, pp. 536-569; 1917. 
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\pplication of the above-mentioned correction of 1 joule per gram 
the superheating of the vapor due to its drop in pressure would 
Huce the latent heat at 100° to 2,260.6 international joules per 
mm. Since 1 joule per gram is the maximum to which this correc- 
1) could have amounted, it can be stated only that according to the 
« information from Smith’s experiments the latent heat at 100° is 
t less than 2,260.6 international joules per gram. 


mye 


(d) RICHARDS AND MATHEWS 


Determinations of latent heat at 100° by Richards and Mathews * 
d by Mathews * using a condensation method were carefully per- 


med. This method possesses the obvious disadvantages that 
curate knowledge of the heat capacity of the calorimeter and of the 
at content of water is necessary for the reduction of the data. 
athews points out an uncertainty in the heat capacity of his calo- 
eter equivalent to 1 part in 500 in the latent heat, and calls 
ention to the fact that the error from this source in the earlier 
eriments.was probably 2 parts in 500. Both papers assume a 
an specific heat for water between 20° and 100° of 1.0012 times the 
ecific heat at 21.4°. 

secause of so-called premature condensation it was found necessary 
extrapolate linearly the values of latent heat plotted against rate of 
ndensation to an infinite rate. Consideration of heat leak alone, 
ich disappears at the infinite rate, forms a more logical basis for 
ch a procedure. It is assumed in the following that the same 
ethod of operation and reduction of the data was used by Mathews 
‘that employed in the earlier work. Heat leak was measured 
perimentally with no flow of steam through the tube connecting the 
aporator and the condenser. The value so determined is greater 
an the true leak during an experiment because of the change in 
adient in the connecting tube due to the passage of hot steam 
bough it. On account of the warming of the lower part of the tube 
bus produced, there is less heat flow down it from the evaporator to 
be calorimeter. 

Let— 

Q=the heat transferred to the calorimeter by the condensing 
steam corrected for everything except the heat leak during 
the flow period, 

A=the heat leak per minute as determined experimentally with- 
out flow and as actually used in their reduction of the data, 

B=the true heat leak per minute with steam flowing, 

L.=the latent heat as Richards and Mathews calculated it, 

L=the value of latent heat as here recalculated, 

M=the mass of vapor condensed, and 

_ t=the time during which steam was flowing. 
nen 


‘J. Am, Chem. Soc., 33, pp, 863-888: 1911. *% Sce footnote 34, p. 496. 
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Subtracting 
(A— B)t 
M 


(A—B)t | 
M (i 


L-L,= 


L=L,+ 


As suggested above, (A—B) is a positive quantity and, over 4 
moderate range of flows used in the experiments, is probably constgy; 
Therefore, the values of Z, as calculated by Richards and Math, 
are always lower than the true experimental values by the amoy 


A-B ; ' , 7 


1 g and is the abscissa of the curve used by them in the extrapolatig 
to infinite flow. As the value of t/M increases—that is, the slower tj 
rate of condensation—the more does L, deviate linearly from [, | 
follows that the method of correction to the infinite rate was com 
but that the theory of ‘‘premature condensation” was superfluoy 
The question of the deviations from the straight line, which mig 
appear if the flows could be made to approach infinity, does not enty 
because the slope only is of importance in the calculation of th 
results. 

The data from the 1911 paper have been recomputed, using ti 
correction to the water equivalent which Mathews later suggested 
The data from both sets of experiments have been calculated, usy 
the Bureau of Standards values for the heat content of water. 

Because two different vaporizers were employed in the earlier wor 
the data must be treated in two parts. The results of the recalcul 
tion are given in Table 6, 


TABLE 6.—Lateni heats from experiments of Richards and Mathews 


| Latent 
Year | heat at 
| 100°, L 


|Int. joules/g 
1911 2256. 5 

1911 2253. 5 
1917 2255. 2 











It appears that it is the systematic errors, especially the uncer 
tainties in the heat capacities of the calorimeters, which limit tht 
accuracy of the final results of these experiments. Professor Mather 
expressed the opinion, in a private communication, that the values 
the heat capacities of the calorimeters as used in these calculations i 
slightly low, but he did not wish to suggest definite numerical change 
in them. Asa heavier vaporizer was used in the secend series of 191! 
it may be that the water equivalent in this set should have bee 
corrected by more than the 2 g originally suggested by Mathews. 


(ec) HENNING 


Among the more important determinations of the latent heat of 
water are those of Henning.” * His method consisted essentially 0 


el 


37 Ann. Phys., 326, pp. 849-878; 1906, % Ann, Phys., 334, pp. 441-465; 1909. 
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porizing the water from a calorimeter in a thermostatted bath and 
nilecting the distillate in a condenser vessel in whicn the pressure was 
yaintained as nearly as possible equal to the pressure in the calorim- 
er by means of an atmosphere of inert gas. Determinations at 
different temperatures between 30° and 180° C. are recorded. 
fis own reduction of these values is summarized in terms of present 
ternational units in a brief report published in 1919.% This sum- 
nary gives values of latent heats at 10° intervals from 30° to 180°, 
tained by smoothing the experimental values and interpolating 
‘th the aid of empirical equations at intermediate temperatures. 
is own choice of equations to best fit his data is considered adequate 
d probably better than one made by one less familiar with the work. 
mong the individual experiments at any given temperature there is 
ather large variation, but in general the experiments were so numer- 
us that the effect of accidental errors on the final results has been 
duced. At the higher temperatures the number of experiments was 
ot so large, and the results are consequently less certain. In the 
alculation of the mass of vapor which is evaporated but remains in 
e calorimeter to fill the space left vacant by the removal of water, 
n approximation is involved, but the error from this source is negli- 
ibly small below 180°. 
' Table 7 shows the values which Henning recorded 1919, 


TaBLe 7.—Henning’s values of latent heat 





Tempera- | Latent heat}| Tempera- |Latent heat! 
L | ture L | 
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°C. 
110 
| 120 
| 130 
| 140 
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(f) JAKOB 


Using a method almost identical with that of Henning, but with a 
ew apparatus designed for use at higher temperatures, Jakob,“ 
ind Jakob and Fritz * have continued the latent-heat determinations 
tom 180°. These reports give values through 250°, but the experi- 
nents have since been extended to about 310°C. This is an unusually 
omprehensive undertaking, the final results of which are not yet 
bvailable. Therefore no attempt is made to include a comparison of 
uch preliminary results of this work as are at hand with those of 
other experimenters. 

(g) CARLTON-SUTTON 


The determinations by Carlton-Sutton” of the latent heat at 
100° deserve special prominence among the other investigations of 





,, Ann. Phys., 363, pp. 759-760; 1919. 

. Forschungsarbeiten V. D. I., 310, pp. 9-19; 1928. 

' Zeit. d. V. D. 1., 78) DP. 620-636; 1929. 

“ftoc. Roy. Soc. London, A93, pp. 155-176; 1916-17. 
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this important constant. Using a modification of Joly’s Classiey 
apparatus he measured the heat of condensation of water directly 
terms of the mean calorie without any reference to electrical standani 
He weighed in place the steam whic h was condensed on a glass bulb j 
change its temperature from 0° to 100° C. By performing eh 
ments, first with the bulb nearly filled with pure water and then yj 
the bulb containing a much smaller amount of water, he was hha 
eliminate its heat capacity as well as many other small factors whic 
would otherwise have appeared as corrections. The difference j 
the masses of steam condensed in two such experiments is thy 
amount which would change the temperature of a mass of watg 
corresponding to the difference of the two bulb fillings from 0°; 
100°. 

If the thermal conditions during the two experiments were alike 
as was doubtless very nearly the case, no corrections for heat lek 
are required. Corrections were applied for thermal changes S Occuring 
within the bulb and for various other small elements involved in th 
method. The correction for the thermal changes in the bulb has beg 
independently recomputed and found valid. Although the water) 
the bulb was heated under a total pressure greater than its vapy 
pressure, the method of calculation of the correction takes this in 
account and reduces the data to mean calories defined by th 
saturation path. 

To obtain an accuracy of 1 part in 5,000 requires that the mass 
be accurate to 0.1 mg. In this fete the author’s estimate seen 
somewhat optimistic. He considers that the formation of a vap 
cloud upon admitting the steam into the condensing chamber ai ( 
is the limiting error. It seems probable that the error in determinix 
the masses is at least as great. 

The deviations among the individual determinations indicate 1 
high degree of experimental precision. 

The final reported value of 538.88 mean calories, when interpreted 
in terms of the Bureau of Standards mechanical equivalent of 4.1875 
international joules per gram, yields for the latent heat of water x 
100° the value 2,256.6 international joules per gram. 


IV. INTERCOMPARISON OF EXPERIMENTAL DATA 


To aid in the comparison of the data, they are assembled in tables 
and deviation charts. Deviations from the Bureau of Standards 
values as bases are plotted to facilitate the comparison of these mor 
recent data with those published previously. 

In Table 8 are shown the values of heat content of the liquid, 
assembled ei the previous sections. By the method of compute 
tion, the result of Dieterici is made to agree exactly with that of the 
Bureau of Standards at 100°. Because of the uncertanity in the 
interpretation of the emf of the Clark cells used by Barnes, lis 
results, expressed in international joules, involve an uncertainty 
considerable magnitude. The results of Callendar are omitted in this 
table, but appear later in the comparisons of the steam tables. The 
Vv alue i in the Bureau of Standards column at 303° is extrapolated ands 
therefore put in parentheses. 





les perGram 


Review of Measurements on Water and Steam 


Temperature, °C 





Reynolds 
and 
Moorby 


Int. joules/g. 


Barnes 


Int. joules/q. 
42. 04 








Observer 


Dieterici 


501 


TABLE 8.—Summary of recalculated results on heat content of the liquid 


Jaeger and 
von Stein- 
webr 


Bureau of 
Standards 





Int. joules/g. 
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Figure 1.—Deviation chart—heat content of liquid (experimental) 


Figure 1 shows the deviations of the previously published values 
of heat content of the liquid from the Bureau of Standards values. 

In Table 9 are assembled the values of latent heat. Henning’s 
values and those of the Bureau of Standards are calculated from 
empirical equations which were fitted to the data. The rest of the 
values are experimental points not smoothed by equations or graphic- 
ally. The values in parentheses are calculated from the Bureau of 
Standards latent-heat equation outside the range of the experiments. 

s 
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TaBLE 9.—Summaury of results on latent heat 
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Figure 2.—Deviation chart—latent heat (experimental) 


Figure 2 shows the deviations of the experimentally determine 
values of latent heat from the Bureau of Standards latent-heat 
equation. 


V. COMPARISON OF STEAM TABLES WITH BUREAU OF 
STANDARDS RESULTS 


For the purposes of this comparison, deviation charts alone 
i 


considered adequate. In Figures 3 to 6, which are largely sel 
explanatory, the base lines are broken in the regions not coveret 
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FigurE 3.—Deviation chart—heat content of liquid 
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Ficure 5.—Deviation chart—entropy of liquid 
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the experiments. The entropy charts are included because 
sues of entropy can be calculated directly from the Bureau of 
andards calorimetric measurements. 


VI. CONCLUSIONS 


For the most part the reviewer believes that the agreement among 
he experimental results which have been compared is within the 
nits of the total error involved in the determinations themselves 
.d the conversions to present units. 

Referring to the heat-content determinations, the deviation of the 
yreau of Standards values from those of Barnes and of Jaeger and 
mn Steinwehr and also of the latter two from each other are, in 
aces, somewhat greater than can be embraced by the estimates 
hich these authors make of their own precision. 

The comparisons indicate that the Bureau of Standards latent- 
eat equation can be used with considerable confidence in the range 0° 

100°, though it was derived solely on the basis of the experiments 
h the range 100° to 270° and on the classical conception of the vanish- 
nc of the latent heat at an infinite rate at the critical point. 

The comparison of the steam tables indicates that the divergence 

the tabulated properties of saturated water and steam is con- 
iderable. None of these tables comes completely within the limits 
{ tolerance of the International Skeleton Steam Table of 1929, 
id, therefore, none can be called an International Table as specified 
y the London Conference. A marked improvement is evident 
the tables, as more and more data of a precise nature became 
vailable for use in the formulations. It is believed that, with the 
brogress in experimental equipment and technique and the mutual 
mnderstanding of the investigators, the evolution of accurate Inter- 
ational Tables of the thermal properties of water and steam has 
rogressed beyond the stage of idealism and that such tables will 
ea reality before very many years have vassed. 

WasHINGTON, March 26, 1930. 
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